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ABSTRACT

Large-scale irrigation practices may disturb local hydrologic cycles and distribute
trace metals throughout the environment. Reported here is the spatial pattern of
trace metals and associated health risks in an agricultural area of China, which has
a long history of irrigation with water from the Yellow River. Multivariate statistical
analyses and a risk-assessment model were employed to interpret the environmen-
tal data. It indicated that Zn, Se, B, Ba, Fe, Mn, Mo, Ni, V, Al, Li, Sr, Be, Cd, Cr,
Cu, and Pb were all detected in the surface waters. Compared to drinking water
guidelines, the primary trace metal pollution components (Al, Fe, Se, B, Mn, and
Zn) exceeded drinking water standards by 40.7%, 14.8%, 29.6%, 25.9%, 11.1%,
and 14.8%, respectively. Except for one site that exhibited anomalous metal con-
centrations, landscape features of trace metals identified a uniform distribution of
trace metals for all sample sites. The calculated mean value of Hazard Quotients
(HQs) exceeded the USEPA’s recommendations by a factor of 2.9 times the thresh-
old value. Primary sources of trace metals were associated with natural deposition,
industrial and agrochemical processes, and a mixed source of both geogenic and
anthropogenic origins.

Key Words: trace metal, HQs, water pollutant, spatial distribution.

INTRODUCTION

Metals are ubiquitous in the environment and may be found in water sources
utilized for agriculture and human consumption. In the last decades, with the rapid
economic development in China, environmental pollution caused by heavy metals
has been identified in several important agricultural areas, for example, the Yellow
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River Delta (Song et al. 2013), Han River Delta (Li et al. 2010; Bu et al. 2009) and
the Yangtze River Delta (Yang et al. 2009). Li ef al. (2010) indicated that the con-
centrations of dissolved heavy metals were significantly different in sampling sites.
Except for Fe, Sr, and As, all dissolved heavy metals meet World Health Organization
(WHO) recommendations and the Chinese standard for drinking water quality (GB
5749-2006) in the Han River. Bu et al. (2009) found that all dissolved heavy metals
exceeded the background values in the upper Han River and the source area of the
Yangtze River except for Mn. Additionally, Song et al. (2013) reported that the HQ
value of trace metals indicated potential deleterious health effects for residents in
the Yellow River Delta and required special attention. Although natural background
levels of heavy metals in China are low (Cheng 2007), concentrations of trace metals
in water in the region have been increasing over time (Pan and Wang 2012).

Trace metals in water may originate from industrial wastes, agricultural sources,
urban runoff, atmospheric deposition, and automobile emissions (Taebi and Droste
2004) and pose critical public health problems that impact human mortality and
cause other adverse health outcomes (Loska and Wiechuta 2003). Therefore, iden-
tification of the sources and evaluation of the ecosystem risk of trace metal con-
tamination of water sources is critical to manage these resources and limit harmful
consequences.

Water diversion to the Henan-Liaocheng Irrigation Area (HLIA) from the Yellow
River has been ongoing for more than 50 years. Researchers have recently assessed
and forecasted the water resources in the HLIA (Sun et al. 2005; Wu and Yuan 2012).
Wu et al. (2009) discussed the problems and countermeasures concerning sustain-
able utilization of water resources for the Yellow River in Henan. Sun et al. (2005)
performed an evaluation and balance analysis between supply and requirement of
water sources in Liaocheng city. But, it is not clear how the transfer of trace met-
als is impacted by irrigation projects. Moreover, the extent of environmental risk
associated with trace metals has not yet been evaluated.

Here we use multivariate statistical analysis to tease apart complex biogeochem-
ical processes that influence migration of trace metals through the environment.
In particular, multivariate analysis reveals weighted relationships and interdepen-
dency among variables (De Bartolomeo et al. 2004). Correlation analysis can also be
used to group objects of similar composition (Varol and Sen 2009), while principal
component analysis (PCA) can be employed to reduce a large set of environmental
factors, or a combination of factors, to a smaller set that explains most of the ob-
served variation (Wang et al. 2011). This information can thus be used to infer the
primary sources of variability (Krishna et al. 2009).

Probabilistic risk assessment involves characterization of variability (i.e., natural
sources of variation) and uncertainty (z.e., lack of knowledge) in risk-management
decisions (Oberg and Bergback 2005). Variability and uncertainty in the input pa-
rameters (variables or constants) are described by probability distributions, and the
output (risk or exposure) is likewise presented as probability distributions (USEPA
1991a). For example, some people have studied the Pb, Mn and polycyclic aromatic
hydrocarbons (PAHs) risk by the probabilistic risk assessment method (Mari et al.
2009; Zeng et al. 2009).

A combination of field surveys and laboratory analysis of samples was used in the
present study to: (1) quantify the hydro-chemical and trace metal characteristics
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of Yellow River water and surface water; (2) determine the spatial distribution of
trace metals and map their concentrations; (3) ascertain the influence of ongoing
irrigation projects on trace metal transfer; (4) identify the environmental risk caused
by trace metals and establish origins of metals in the irrigation area.

METHODS AND MATERIALS
Study Area

The northern section of the Henan-Liaocheng Irrigation Area (HLIA,
113.938°-117.076° E and 34.982°-37.391° N) is part of the North China Plain (NCP)
and spans eastern Henan province and western Shandong province. The HLIA is
on the terrain ladders III in China with a west-to-east elevation gradient of high to
low. The total area of the HLIA is approximately 28,500 km?, including the Anyang,
Hebi, Puyang, and Liaocheng districts. Extensive diversion of irrigation water from
the Yellow River began with the opening of the People’s Victory canal in 1952. Rivers
in the area include the Yellow River (367.8 km), Wei River (184.3 km), Majia River
(258.9 km), and Tuhai River (216.7 km) and their main tributaries. Climate in the
HLIA is warm-temperate with an annual average air temperature of 14-15°C and
total annual sunshine hours of 2200-2300 h. Wheat, rice, cotton, and corn are the
main crops in the area. Annual average precipitation is about 600 mm with most
falling during the June to September monsoon. The irrigated water for this area is
mainly from the Yellow River. The effective irrigated area in the Henan Province is
2.1 x 10* km? and consists of 1.6 x 10* km? of arable land. The design capability of
the Liaocheng irrigation area is 445 m?/s, effective irrigated area covers the whole
city, real irrigation area is approximately 0.4 x 10* km?, accounting for 66% of the
city’s total arable land.

HLIA is an important grain and vegetable production base in northern China,
and the amount of fertilization and agro-chemicals developed extremely rapidly
after the 1970s (Ju et al. 2009). Additionally, with the development of urbanization
and industrialization, environmental and health risks deteriorated. Although there
are stringent rules in China for treatment of industrial wastes, disposal of untreated
wastewater into drains and subsequently into the rivers is very common.

Water Sampling

Surface water samples of 100 mL were collected from July 23-30, 2010 at each of
27 sites in the study area. Selected sites were distributed among the old channels,
irrigation ditches, reservoirs, and around cities, towns, and locations with stream
or branch afflux. The sampling was performed during irrigation periods. Surface
water samples were collected manually at <1 m depth in the center of the river. Five
samples were collected and composited for each location. The composite was ho-
mogenized and immediately filtered through acid-treated millipore filters (0.45 um
mesh, disposable not reusable) into pre-cleaned polyethylene-terephthalate (PET)
bottles. The filtered samples were acidified to pH <2 with ultra-purified 6M HNOs,
stored at 4°C in the field, and then analyzed once we returned to the laboratory.
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Figure 1. Map of sampling sites within the HLIA. (Color figure available online.)

A general overview of the study site showing the geology and the sampling locations
is presented in Figure 1.

Experimental Analysis

Electrical conductivity (EC) and pH were measured by a portable pH and EC
meter (Compact meter, Horiba, Japan) in situ and later corroborated in the labo-
ratory with a high precision meter (D23, Horiba, Japan). All samples were filtered
through a 0.45 um cellulose acetate filter membrane before using ion chromato-
graph (ICS 900, Shimadzu, Japan) to analyze Na™, K*, Mg**, Ca?", CI-, NO;~, SO,*",
and HCO;~. HCO;s~ was measured by titration using 0.01N H,SO,. The chemical
results were only accepted when the charge balance error was within £5%.

Total concentrations of Zn, Se, B, Ba, Fe, Mn, Mo, Ni, V, Al, Li, Sr, Be, Cd, Cr,
Cu, and Pb were analyzed using an Inductively Coupled Plasma—Optical Emission
Spectrometer (ICP-OES, PerkinElmer Co. Ltd., USA). 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. The calibration curves were made after
measuring a set of samples and evaluated against quality control standards. Reagent,
procedural blanks, and samples were measured six times in parallel with the average
of the last three values reported herein.

Data Treatment and Statistical Analyses

In this study, frequency distributions of concentrations of trace metals were inves-
tigated by calculating coefficients of skewness and kurtosis. Correlation analysis was
performed to identify the sources of elements in terms of the correlation coefficients
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Table 1. Descriptive statistics of chemical constituents in the surface water and
Yellow River water.

Surface water Yellow River water

Indexes n  Min. Max. Mean SD n Min. Max. Mean SD

EC(uS/cm) 27 329.0 3200.0 11335 617.8 4 471.0 892.0 767.5 199.8
pH 27 7.6 9.6 8.2 05 4 7.9 8.2 8.1 0.1
Cat (mg/L) 27 3.9 212.9 80.1 43.4 4 6.7 92.1 60.2 37.3
K*t (mg/L) 27 0.2 14.4 7.7 40 4 0.4 6.7 4.1 2.6
Mg?* (mg/L) 27 1.3 139.2 409 259 4 2.2 279 21.3 12.7
Na't (mg/L) 27 2.7 676.6 150.8 131.2 4 4.5 77.1 57.0 35.1
SO4% (mg/L) 27 26 680.6 2242 1522 4 6.0 143.6 105.8 66.6
HCO;~ (mg/L) 27 76.3 433.1 2169 69.1 4 146.4 189.1 170.8 18.5
Cl~ (mg/L) 27 142.0 12180 279.1 207.1 4 173.0 212.0 190.5 20.0

among elements in water samples. PCA was used to compare patterns of relative con-
centrations of trace metals. Samples were grouped using varimax rotation and the
identification of Principal component (PC) that exhibited eigenvalues >1. Variables
with similar characteristics were grouped into factors. Geostatistic methods were
employed to analyze the horizontal distribution of trace metals and spatial maps
were generated by use of geographic information system (GIS) software version 9.0
for Windows (Esri China, Limited).

Most values of Ni, Li, Be, Cd, Cr, Cu, and Pb were less than the detection limits
in most samples. The distributions of Al, B, Ba, Fe, Mn, Mo, Se, Sr, V, and Zn
were further analyzed by multivariate statistical methods to identify the influence
of possible sources. All the metals were used to evaluate correlated health risks. All
mathematical and statistical computations were made using SPSS 17.0 for Windows.

RESULTS AND DISCUSSION

Hydrochemical Characteristics of Surface Waters

Electrical conductivity values of surface water ranged from 329 uS/cm to
3200 puS/cm, with a mean value of 1133.52 uS/cm (Table 1). No significant spatial
variations in pH were observed, and most of the surface water was weakly alkaline
(7.58-9.56). The order of relative abundance of major cations in the surface water
was Na®™ > Ca* > Mg®" > K* (on mg/L basis), while the order of anions was CI~ >
SO,?” > HCO;™. Overall, Na™ and Cl™ were, respectively, the abundant cation and
anion in surface water, and also several water samples contained high Ca*, Mg**,
SO,%*, and HCO;~ concentrations. A piper diagram revealed that the surface waters
belonged to complex types, including Na-Cl, NaeCa-Cl, CaeNa-Cl, CaeNa-HCO;eC(l,
NaeCa-SO,eCl, and Na-CleHCOj; (Figure 2). The background water type in the study
area controlled by sediment mineralogy was Na-SO, (Li et al. 2008). Therefore, it
can be deduced that there are other rivers or point water sources that converge in
the surface water.
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Figure 2. Piper diagram of surface water in the study area.

Correlation analysis and PCA can be used to identify the sources of elements in
terms of the correlation coefficients among elements and to compare patterns of
relative concentrations of ions in groundwater samples (Song ef al. 2013). Three
principal components with eigenvalues >1 were deduced and together accounted
for 94.1% of the variance in the dataset. The first PC accounts for 39.4% of the total
variance and has high loadings of Ca*t, Na*, SO,%* and CI-, which is indicative of
geogenic and anthropogenic inputs. Na™ was strongly correlated with SO,2~ (R =
0.90, p < .01), which coincides with the local background water type that is largely
controlled by sediment mineralogy (Li et al. 2008). Sources of SO,*” include rainfall,
chemical fertilizers such as [ (NH4)sSO,] that have been used for the past 10 years,
manure, and the dissolution of sulfide minerals present in lacustrine sediments (Jin
et al. 2012). Ca** could also come from the fertilizer (Ca(H;PO,),-H,O). Cl~ can
be derived from pollution sources, including domestic wastewater, septic effluent,
chemical fertilizers, and manure (Jeong 2001). The second PC accounts for 29.1%
of the total variance and exhibits positive loadings of Mgt and HCO;~ (R = 0.80,
p < .01). Natural processes, such as the dissolution of carbonate minerals and of
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atmospheric and soil CO; gases could be the mechanisms that supply HCO;~ to
groundwater (Chen ef al. 2010). The mechanism can be explained as follows:

CaCOy + COy + HyO < Ca** + 2HCO; (1)

The third PC, accounting for 20.4% of the total variance, is only influenced by K*.
The high K* concentration in the groundwater samples of paddy fields during the
cultivation period and that of the vegetables fields could be attributed to the use of
chemical fertilizers such as the nitrogenous, phosphorus, and potassic compound
fertilizer. This component may be attributable to the fertilizer application.

Electrical conductivity (EC) values of Yellow River water ranged from 471.00
uS/cm to 892.00 uS/cm, which showed relatively low EC values compared with
that in the whole surface water. Estimates of EC could be used as an index of water
quality in the areas unaffected by seawater; thus, low Yellow River water EC in the
study area indicates better water quality than other surface waters (Jin ef al. 2012).
From Table 1 it is observed that the order of relative abundance of major cations
in the Yellow River water is Ca*" > K*> Mg?" >Na™ (mean value, on mg/L basis),
while the order of anions is CI- > HCO; > SO,2~. Ca**, and Cl~ are the abundant
cation and anion in Yellow River, and also several water samples contained high K*,
Mg**, HCOs™, and SO,*" concentrations. A plot on a piper diagram revealed that
the surface waters belonged to CaeK-CleHCO; and KeCa-HCO;eCl types.

Spatial Distribution of Trace Metals and Comparison of Contents
with Background Values

Trace metals were detected in all surface water samples. The distribution param-
eters of dissolved trace metals in surface water of the HLIA are given in Table 2.
Aluminum was quantifiable in 48.1% of the samples; Mn and Se were quantifiable
in 85.2% of samples; Mo and V in 92.6%; Fe was in 96.3% of samples, while each of
the remaining elements were quantifiable in all samples. The metals exhibited the
decreasing concentration order: Sr>Zn>B>Al>Ba = Fe>Mn = V>Mo = Se.

Concentrations of trace metals in Yellow River samples are less than in other
surface water samples except for Al, Fe, and Mo which showed relatively high con-
centrations. V showed the equivalence concentration. In addition to the Yellow
River, the rivers Majia, Tuhai, and Wei are the three main rivers in the HLIA. Five
sites were located in the Majia river (Nos. 22, 32, 34, 42, and 46), 4 sites in the
Tuhai river (Nos. 31, 5, 1, and 44), and 6 sites in the Wei river (Nos. 14, 18, 20, 38,
36, and 40) (Figure 1). Al, Fe, Mn, Se, and Zn varied greatly in spatial distribution
with coefficients of variation (CV) of 165%, 205%, 185%, 103%, and 240%, respec-
tively. The concentrations of dissolved trace metals in surface waters of the three
rivers fluctuated irregularly and did not exhibit a distinct spatial variance. Some
sites exhibited elevated levels for some elements but showed no trend according to
distance along the river. Al, Fe, Mn, and Se exhibited very high anomalies at site 52
in the Yellow River, while B, Fe, and V exhibited high anomalies at site 46 in the
Majia River, and Al, Mn, and Zn exhibited high anomalies at site 36 in the Wei River.
Those three abnormal sites are primarily attributable to intensified agricultural and
urban industrial practices (Smail et al. 2012; Zeng et al. 2009).
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The detected levels of Al, Mn, Mo, Se, V, and Zn in surface waters of the HLIA are
generally greater than observed at other locations around the world (Klavins ef al.
2000). Indeed, values reported here for the HLIA are greater than for other rivers
in China and abroad that have been impacted by agriculture (e.g., the rivers Rhine,
Changjiang, and Han, and the reservoir at Danjiangkou) (Klavins et al. 2000; Li and
Zhang 2010; Buschmann et al. 2008; Pan and Wang 2012). The water in the studied
area of the river is used for both irrigation and drinking. Standards of drinking
water quality established by the WHO (2006), U.S. Environmental Agency (USEPA
2006a), and China (GB5749-2006) (MEP 2006) were used to assess water quality
of the HLIA. On average, the ratios of concentrations of Al, Fe, Se, B, Mn, and Zn
in the HLIA, relative to the drinking water sanity standards, were 40.7%, 14.8%,
29.6%, 25.9%, 11.1%, and 14.8% greater, respectively. The highest concentrations
of Al, Fe, Se, B, Mn, and Zn were observed at site 52 in the Yellow, sites 42 and 46 in
the Majia, and site 36 in the Wei. The concentrations of these same elements at site
28 in the Yellow were greater than the standard by factors of 7.9, 3.6, 4.0, 1.6, 3.4,
and 10.0, respectively. Sites 52 and 28 are situated along the Yellow River and may be
affected by geochemical source. Site 36 is located at the intersection of two rivers.
Sites 42 and 46 are located at the relative downstream sites, they are significantly
impacted by human activities and receive pollution mostly from domestic wastewater
and industrial effluents located in city areas (Smail et al. 2012). Concentrations of
Sr, Ba, V, and Mo were each observed in all samples at concentrations less than the
levels set by the drinking water sanitary standards.

Risk Assessment

Potential exposure to trace metals through surface water was assessed by use of the
USEPA residential scenario (USEPA 2002). Under residential land use, exposure to
trace metals through surface waters is assumed to be due to ingestion and absorption
through the skin (i.e., dermal absorption) (Song et al. 2013; Karim et al. 2013).
Considering these two pathways, HQs associated with corresponding metals were
evaluated via a risk-assessment model. The exposure dose and HQs are calculated
using Eqgs. (1)—(3) that are adapted from the USEPA models (Wu et al. 2009; Karim
2011):

Cy, X IRWx EF x ED

Din estion — 3
gest BWx AT (3)
Cy ><SA><K1, X ABS x ET x EF x ED x CF
Ddﬁmal = (4)
BWx AT
HQs = D/RD (5)

where D is the exposure dose (mg/kg/day) contacted through ingestion of water
(Dingesion) and through dermal absorption (Dgerma); G, is the average concentration
of trace metal (mg/L) in water; IRW is the rate of ingestion of drinking water
ingestion (2 L/day); EF is the exposure frequency (350 days/year) (USEPA 1991b);
ED is the exposure duration in years, triangular type (50%: 9; 90%: 30) (Batchelor
et al. 1998); BW is the average bodyweight (kg), as lognormal type (mean: 60.2, s.d.:
2.9) (Li et al. 2010); AT is the averaging time for non-carcinogens and carcinogens
(30 yrs) (Zabin et al. 2008); SA is the assumed exposed skin area (2,800 cm?);
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Figure 3. Distribution of HQ and probability of exceedance to risk level. (Color
figure available online.)

K, are the Dermal Permeability Constants (cm/hr); of Co (0.0004), Ni (0.0002),
Zn (0.0006), and all other metals (0.001); ABS is the dermal absorption factor
(0.001); ET is exposure time (0.6 h/day); CF is a unit conversion factor for water
(1 L/1,000 cm®); R/D is the reference dose for different analytes, expressed in
ng/kg/day and is based on U.S. risk-based assessments (USEPA 2006b).

A Monte Carlo analysis was conducted on the probability distributions for each
parameter. The output of HQ) was presented as a normal distribution (Figure 3),
and the probability of exceedance of the specified effect was calculated. The HQs of
trace metals for local residents through oral and dermal pathways are summarized
in Table 3. Ingestion of water was the predominant pathway of exposure to trace
metals’ residues in surface water. In fact, dermal exposure of trace metals was such
a minor pathway of exposure that its effects can be disregarded.

The chemical-specific HQ for the 10 kinds of trace metals, Al, B, Ba, Fe, Mn, Mo,
Se, Sr, V, and Zn as well as the sum of the 10 HQ values, ¥HQ, based on intake from
water over two exposure routes are reported in Table 3. Mean X HQs was estimated
to be 1.46 for local residents. That value exceeded the generally acceptable risk
level recommended by the USEPA for HQs > 1 (Karim 2011). Additionally, the
maximum of HQ was 2.9, which was greater than the acceptable range. In fact,
only 11% of surface water in the study area had a risk for HQs from trace metals
that were less than 1, a result that indicates that the absorption of trace metals may
have little or no consequences for human health for this portion of the study area.
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Table 3. Reference dose and HQ for each element.

Rmixlgestioll RfDdermal ZHQp =
Element (Mg/kg/da}’) (Mg/kg/day) Hangeslion HQ_dermal (a) + (b)
Al 1.0E + 03 1.0E + 02 2.00E — 01 1.76E — 05 2.01E — 01
B 2.0E + 02 1.8E + 02 1.46E + 00 1.42E — 06 1.46E + 00
Ba 7.0E 4+ 01 14E + 01 1.41E 4 00 6.17E — 06 1.41E 4 00
Fe 3.0E 4 02 4.5E + 01 3.18E — 01 1.86E — 06 3.18E — 01
Mn 2.0E + 01 8.0E — 01 1.58E — 01 3.47E — 05 1.58E — 01
Mo 5.0E + 00 1.2E 4 02 2.04E + 00 4.71E — 06 2.04E 4 00
Se 5.0E 4+ 00 1.0E — 02 1.09E + 00 2.17E — 06 1.09E + 00
Sr 6.0E + 02 6.0E + 01 1.17E + 00 5.10E — 06 1.17E 4+ 00
\Y% 1.0E + 00 1.9E + 00 2.94E + 01 2.58E — 03 2.94E 4 01
/n 3.0E 4 02 54E 4 00 2.18E + 00 5.72E — 06 2.18E 4 00
Total — — 3.95E 4 01 2.66E — 03 3.95E + 01

RfD is based on U.S. risk-based assessments (USEPA 2006b).

Conversely, approximately 89% of the water in the remaining area could possibly
have deleterious effects on the health of residents (Karim 2011).

Among the 10 trace metals, due to the greater concentrations, the proportion
contributed by V to the XHQ was greatest (75%). The oxide and some other salts
of V have moderate toxicity (Hosokawa and Yoshida 1989). Although V compounds
are poorly absorbed through the gastrointestinal system, high doses of V by oral
ingestion may affect blood conditions or cause liver or kidney damage (Hosokawa
and Yoshida 1989). Due to the smaller RfD factors and greater concentrations, the
contribution of Zn (5.5%) and Mo (5.2%) to the THQ were larger than others,
suggesting these elements also could pose a mild hazard to local residents. The
relative contributions of each residue to the ¥XHQ) in surface water of the HLIA are
shown Figure 4.

Itis worth noting that the results of the risk assessment are based on the uncertain
assumption that future concentrations will be the same as those at present. In reality,
concentrations of metals will not be constant over time because of hydrologic and
geochemical processes as well as massive production and by-production (Li et al.
2010). Thus, further investigation is necessary and measures should be taken to
remedy hot spots to minimize risks of excess HQ in these areas.

Source Identification of Trace Metals

Concentrations of metals in the HLIA were several folds greater than uncontam-
inated surface water sampled from distant locations. The concentrations of Mn,
Mo, Se, V, and Zn in the surface water in the HLIA were 13-, 14-, 10-, 200-, and
49-fold, respectively, that of the background value of Changjiang River, which is
hundreds of kilometers away (Table 2). Thus we inferred that anthropogenic ac-
tivities were affecting the water in the HLIA (Li e al. 2013). Further confirmation
of this hypothesis was suggested with multivariate methods (De Bartolomeo et al.
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Figure 4. HQ proportions of trace metals in study area. (Color figure available
online.)

2004). Accordingly, three principal components with eigenvalues >1 accounted for
73.9% of the variance in the dataset (Table 4).

Previous studies reported comprehensive sources for trace metals. For instance, Al
and Fe are abundant in the earth while Ba and Mn are contributed from weathering
of parent material and subsequent pedogenesis (Nriagu 1989). In contrast, the
sources of V include urban and industrial activities such as energy production,
mining, metal smelting and refining, manufacturing processes, vehicle exhaust,
and waste incineration (Huang et al. 2007). Our results demonstrate that the first
PC accounts for 29.7% of the total variance and has high loadings of Al, Fe, and
Mn, which is indicative of a natural source. This interpretation is further confirmed
by their strong pairwise geochemical correlations (Al and Fe, R = 0.92, P < .01; Al
and Mn, R = 0.67, P < .01; Fe and Mn, R = 0.62, P < .01).

The second PC with 22.1% variance showed greater loadings for B, Ba, Mo, and
V. Although B is not abundant in the Earth’s crust, previous studies reported that
concentrations of boride could be unusually enriched in oilfield brines (Song et al.
2013). Significant spatial differences of B (sites 46 and 42; Table 4) indicated an
anthropogenic source. High Ba concentrations are primarily derived from geolog-
ical processes (Krishna et al. 2009). Concentrations of V have been shown to be
greatly influenced by anthropogenic activities such as mining and agricultural pro-
cesses (Li et al. 2008). Therefore, the second PC can be identified as industrial and
agrochemical processes (Yalcin and Ilhan 2008).

The third PC was mainly influenced by Se, Sr, and Zn. Depending on prevailing
pedogenic processes, Zn can have a lithogenic source as it forms a number of soluble
salts or insoluble salts (Pan and 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. Therefore, this component may be attributable
to a mixed source of both geogenic and anthropogenic origin.
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PERSPECTIVE

In China, the Yellow River Irrigation Area is mostly composed of arid and semi-
arid areas. Other than precipitation, the Yellow River has been the only source of
surface water in the HLIA since water diversion projects were first implemented
in 1952. Surface water is the major source of water for drinking and for domes-
tic, industrial, and agricultural sectors in the HLIA. Trace metals from different
sources can impact surface waters, which, in turn, influence the aquatic life, crop
production, and human health. Therefore, protecting surface water in this region
has important implications for both food safety and human health. We showed here
that trace metals’ pollution was a serious problem and that distribution and sources
of trace metals are not only impacted by the geogenic origin, but also by agriculture
and industrial activities. The most severe outcome is that this kind of pollution is
covert, long-term, and non-reversible. Nevertheless, removing heavy metals from
the environment in order to prevent entrance into the food chain is important for
protecting the health of animals and humans. An understanding of the status of
heavy metal pollution is thus a fundamental prerequisite for remediating pollution.
Therefore, it is urgent to devise guidelines for efficient management of the surface
water in this region, including techniques to reduce the migration of heavy metals
in water and their bio-availability, and to adopt management measures to control
the origin of heavy metals, such as to change the land use type, to control non-point
pollution sources, and to construct the sewage treatment plants.
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