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Abstract The potential contaminations of 16 trace elements
(Cr, Mn, Ni, Cu, Zn, As, Cd, Sb, Ba, Pb, Co, Be, V, Ti, T,
Al) in drinking water collected in two remote areas in China
were analyzed. The average levels of the trace elements were
lower than the allowable concentrations set by national agencies,
except for several elements (As, Sb, Mn, and Be) in individual
samples. A health risk assessment model was conducted and
carcinogenic and non-carcinogenic risks were evaluated sepa-
rately. The results indicated that the total carcinogenic risks were
higher than the maximum allowed risk level set by most orga-
nizations (1 x 10~°). Residents in both study areas were at risk of
carcinogenic effects from exposure to Cr, which accounted for
80-90 % of the total carcinogenic risks. The non-carcinogenic
risks (Cu, Zn, Ni) were lower than the maximum allowance
levels. Among the four population groups, infants incurred the
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highest health risks and required special attention. Correlation
analysis revealed significant positive associations among most
trace elements, indicating the likelihood of a common source.
The results of probabilistic health risk assessment of Cr based on
Monte-Carlo simulation revealed that the uncertainty of system
parameters does not affect the decision making of pollution
prevention and control. Sensitivity analysis revealed that inges-
tion rate of water and concentration of Cr showed relatively high
sensitivity to the health risks.

Keywords Metals - Health risk assessment - Remote areas -
China - Monte-Carlo simulation - Sensitivity analysis

Introduction

Safe drinking water is a birthright of all humankind, just as
clean air is (TWAS 2002). There is no doubt that it is also one
of the most important resources for sustaining humanity and
human society. However, drinking water quality is particularly
vulnerable to numerous anthropogenic (e.g., urban, industrial,
and agricultural activities) and natural processes (e.g., changes
in precipitation inputs, erosion, and weathering of crustal ma-
terials). Thus, water pollution is a worldwide public health
problem, with heavy metals topping the list of priority envi-
ronmental pollutants (Alves et al. 2014).

While there are many ways for trace elements to enter the
human body (e.g., inhalation, dermal absorption, food, and
drink), the health risks posed by oral intake are the highest
among all exposure pathways (Zhang et al. 2014a, b). Metals
in water can easily enter the body by ingestion, accumulating
in fatty tissues or depositing in the circulatory system due to
their toxicity and non-biodegradability (Lu et al. 2014; Tang
et al. 2013). In the body, heavy metals can disrupt the nervous
and endocrine systems or act as auxiliary factors of other
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diseases (Zheng et al. 2010a, b). In addition, some deleterious
metals can even cause cancer (Steinemann 2000; IARC 1980
Borum and Abrnathy 1994). For example, neurological disor-
ders resulting from drinking Mn-rich water have been reported
in epidemiological studies (WHO 2008). Trace elements in
drinking water could pose significant non-carcinogenic effects
to their consumers (Muhammad et al. 2011; Kavcar et al.
2009). Furthermore, human exposure to As can lead to skin
lesions and induce skin cancer (WHO 2011).

Metal pollutants in drinking water pose a serious threat to
human health, and in recent years, heavy metal pollution has
generated widespread concern (Mondal et al. 2010; Haider
et al. 2012). While water quality assessment has primarily
involved evaluating the concentrations of trace elements
against national standards. Furthermore, some non-nutrient
elements can be detrimental to human health at levels that
do not exceed their maximum guideline values (Zhang et al.
2014a, b). For instance, the World Health Organization has
recently discontinued its drinking water guideline value of
400 g L™ for Mn because this health-based value was found
to be well above the Mn levels normally found in drinking
water (WHO 2011).

Based on research regarding the harm metal pollution in-
flicts on the human body, the International Agency for
Research on Cancer (IARC) developed a classification system
in terms of the carcinogenicity of chemical toxicants and a
model of health hazard risks caused by carcinogens and non-
carcinogens by US EPA (US EPA 1991, 2005, 2009). In re-
cent years, quantitative health risk assessment has become a
frequently applied methodology to evaluate the potential risks
of metal pollutants (Ferré-Huguet et al. 2009). With this in
mind, metal pollution in water can be viewed as a human
health risk. Previous studies have paid most of their attention
to potable water security in cities or developed areas, resulting
in a lack of research on water quality in remote areas (Lu et al.
2015). However, drinking water in cities and developed areas
is generally secure, the quality of potable water in remote
areas is far from guaranteed because water monitoring in those
areas is inadequate. Therefore, research in these areas is of
great practical significance. For these reasons, further research
is required to fully understand the distribution of trace ele-
ments and the carcinogenic and non-carcinogenic risks of ex-
posure to metals through drinking water in remote areas.

The Tibetan area and Inner Mongolia region are located in
the plateau area of the Chinese frontier. The climate and envi-
ronmental conditions in these areas differ from conditions in
developed and urban areas. In this study, the Qinghai-Tibet
and Inner Mongolia regions were selected as cases represen-
tative of remote areas in China. The objectives of this present
study were to (1) investigate the concentration levels of trace
elements in drinking water collected in these areas and com-
pare these measurements to national water quality guideline
values, (2) evaluate the potential health risk to the population

in these two study areas that is attributed to ingesting single
and mixed trace elements through drinking water, (3) correlate
the concentrations of trace elements in drinking water using
statistical analysis to determine their origin and the relation-
ship among them, and (4) estimate the uncertainty and vari-
ability of model parameters of health risk assessment based on
Monte-Carlo simulation and sensitivity analysis.

Materials and methods
Study area

With an average elevation above 4500 m, the Qinghai-Tibet
Plateau, known as the “Roof of the World” and the “Third
Pole”, is the highest plateau in the world. It is located at 26°00'
12"N-39°46'50"N and 73°18'52"E-104°46'59"E and is the
headstream of many rivers in Asia including the Yangtze
River, the Yellow River, and the Nujiang River. The head-
stream area is known as the “Water Tower of China”. The
Inner Mongolian Plateau located in northern China is the sec-
ond largest plateau in China after the Qinghai-Tibet Plateau. It
is located at 40°20'N-50°50"N, and the elevation ranges from
1000 to 1400 m in the Inner Mongolia area. The present study
was conducted in these two areas.

Sample preparation and analyses

For this study, a total of 48 water samples were collected from
local residential houses in these two areas. In the Tibetan area,
33 samples were collected from homes along 109 National
Road, from Lhasa to Golmud and Sining city. The remaining
15 samples were collected in Inner Mongolia region. The
specific location of the sampling points is shown in Fig. 1.

The water samples were collected in plastic containers,
labeled and then transported to the laboratory. The samples
were filtered through 0.45-pm filter membranes, and concen-
trated nitric acid was added to the samples for preservation to
reduce the pH <2. All samples were stored in sealed polyeth-
ylene sample bottles at 4 °C until analyzed.

The total concentrations of the following 16 trace elements
were evaluated in all samples of water: chromium (Cr), man-
ganese (Mn), nickel (Ni), cuprum (Cu), zinc (Zn), arsenic
(As), cadmium (Cd), antimony (Sb), barium (Ba), lead (Pb),
cobalt (Co), beryllium (Be), vanadium (V), titanium (Ti), thal-
lium (TI), and aluminum (Al). Element concentrations were
measured using inductively coupled plasma spectrometry
(ICP-MS, Perkin Elmer Elan DRC-e). For quality control, a
standard reference material (Trace Element in Water, Agilent)
was analyzed to check the ICP-MS accuracy. A new calibra-
tion curve was run after every 10 samples. The recovery rate
was in the recommended range (90-110 %). The results
showed that relative standard deviations (RSD) of the sample
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Fig. 1 Location of sampling sites in study areas

material were all less than 10 %, data precision and accuracy
were in accordance with the requirements of the US EPA
(RSD <10 %). Data analyses were carried out using the
SPSS 17.0 Statistical Software Package for Windows.

Human health risk assessment

Metal concentrations in water were used to estimate the hu-
man health risks due to metal exposure for inhabitants living
in the two study areas. Human health risks were assessed
using US EPA (1986) methodology. Non-carcinogenic and
carcinogenic risks were separately assessed. Ten elements
were selected to evaluate the health risks associated with
drinking water. For the current risk assessment, Cd, As, and
Cr were regarded as chemical carcinogens, while Pb, Zn, Cu,
Mn, Ba, Sb, and Ni were non-carcinogens (US EPA 2000).
The carcinogenic and non-carcinogenic strength coefficients
and values of associated parameters in risk assessment are
listed in Tables S1, S2, and S3. For carcinogens, the following
expressions (Egs. 1, 2, and 3) were used to calculate cancer
risks:

R" = Zile‘I}] (1)
R! = (Dp/RfDy) x 10°9/Y (2)
Dm = Qi X Cm/Wi (3)

where R}, is the carcinogenic risk in an individual lifetime
posed by the chemical carcinogen, D; is the acceptable daily
intake of heavy metals through the ingestion pathway
(mg kg ! day™ '), qj is the strength coefficient
(mg kg 'day ")!, Y is the average lifetime (years), C; is the
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concentration of heavy metals in water (mg L"), Q is the
ingestion rate of water (L day '), and W refers to body weight
(kg).

The calculation formula for health risk assessment by non-
carcinogenic pollutants can be represented as:

R¢ = I;ZIR‘J? (4)
R = {1—exp(—Dj X qj)} /Y (5)
D; = Q; x Cj/W; (6)

where R; is the health risk in an individual lifetime posed by
chemical non-carcinogen, Dy, is the acceptable daily intake of
heavy metals through the ingestion pathway (mg kg ' day ™),
RfD,,, is the reference dose (mg kg ™' day "), Y is the average
lifetime (years), C,, is the concentration of heavy metals in
water (mg L"), Q; is the ingestion rate of water (L day '), and
W; refers to body weight (kg).

R =R°+R" (7)

where R is the sum of the R® (carcinogenic risk) and R" (non-
carcinogenic risk), which means the potential health risks
posed by all heavy metals.

Results and discussion
Trace element concentrations

The concentrations of 16 trace elements in drinking water
from the two study areas are summarized in Tables 1 and 2,
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Table 1 Summary of trace

element concentrations (pg/L) in Element Mean SD Min Max GB 5749-2006" GB 3838-2002°

drinking water samples from the

Tibetan area Cr 2.31 1.60 1.32 8.03 50.00 50.00
Mn 0.33 0.08 0.20 0.53 100.00 100.00
Ni 2.11 1.85 0.95 11.71 20.00 20.00
Cu 0.88 0.96 0.35 5.93 1000.00 1000.00
Zn 12.04 22.85 1.81 102.07 1000.00 1000.00
As 1.70 3.92 0.21 23.17 10.00 50.00
Cd 0.02 0.01 0.01 0.06 5.00 5.00
Sb 3.44 1.05 2.71 9.03 5.00 5.00
Ba 39.52 29.69 0.93 127.46 700.00 700.00
Pb 0.12 0.08 0.04 0.387 10.00 10.00
Co 0.28 0.75 0.05 4.20 - 100.00
Be 0.08 0.01 0.05 0.10 2.00 2.00
\% 1.89 1.55 0.54 8.27 - 50.00
Ti 1.89 0.50 0.93 3.85 - 100.00
Tl 0.01 0.01 0.00 0.08 0.10 0.10
Al 1.86 1.46 0.82 8.92 200.00 -

4GB 5749-2006: Standards for drinking water quality (2006)
®GB 3838-2002: Environmental quality standards for surface water (2002)

including the means, standard deviations, minimum values,
and maximum values. All 16 elements were detected in sam-
ples from both areas, in varying concentrations. The mean
concentrations in drinking water from the Tibetan area were
2.31, 0.33, 2.11, 0.88, 12.04, 1.70, 0.02, 3.44, 39.52, 0.12,
0.28, 0.08, 1.89, 1.89, 0.01, and 1.86 ug/L for Cr, Mn, Ni,
Cu, Zn, As, Cd, Sb, Ba, Pb, Co, Be, V, Ti, Tl, and Al, respec-
tively. The mean concentrations in drinking water from Inner

Mongolia region were 9.28, 17.37, 1.97, 2.67, 34.06, 2.72,
0.08, 4.64, 27.38, 0.11, 0.21, 0.27, 3.77, 2.61, 0.01, and
1.63 pg/L for Cr, Mn, Ni, Cu, Zn, As, Cd, Sb, Ba, Pb, Co,
Be, V, Ti, T1, and Al, respectively. In the Tibetan area, Ba had
the highest mean levels in drinking water (39.52 pg/L), while
Zn had the highest mean level (34.06 ug/L) in the Inner
Mongolia region. The average concentration of the 16 ele-
ments decreased in the following order in the Tibetan Area:

Table 2 Summary of trace

element concentrations (ug/L) in Element Mean SD Min Max GB 5749-2006" GB 3838-2002°

drinking water samples from the

Inner Mongolia region Cr 9.28 8.26 2.34 33.32 50.00 50.00
Mn 17.37 39.87 0.31 145.88 100.00 100.00
Ni 1.97 0.74 0.82 3.17 20.00 20.00
Cu 2.67 1.51 0.55 5.81 1000.00 1000.00
Zn 34.06 57.77 2.96 233.84 1000.00 1000.00
As 2.72 1.8 0.86 6.43 10.00 50.00
Cd 0.08 0.05 0.03 0.21 5.00 5.00
Sb 4.64 1.59 3.06 9.00 5.00 5.00
Ba 27.38 19.5 2.17 62.88 700.00 700.00
Pb 0.11 0.07 0.06 0.34 10.00 10.00
Co 0.21 0.12 0.05 0.48 - 100.00
Be 0.27 0.53 0.05 2.05 2.00 2.00
\% 3.77 3.24 0.34 9.93 - 50.00
Ti 2.61 0.8 1.56 4.1 - 100.00
Tl 0.01 0.01 0.01 0.03 0.10 0.10
Al 1.63 0.67 0.74 2.98 200.00 -

#GB 5749-2006: Standards for drinking water quality (2006)
° GB 3838-2002: Environmental quality standards for surface water (2002)
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Ba>Zn>S>Cr>Ni>V=Ti>Al>As>Cu>Mn>Co >
Pb > Be > Cd > TI. In the Inner Mongolia region, the average
concentration decreased in the following order: Zn > Ba > Mn
>Cr>Sb>V>As>Cu>Ti>Ni>Al>Be>Co>Pb>Cd
> TI

Surface water is categorized into five classes according to
use and potential risk for public health. Based on this classi-
fication, the water samples in the present study were catego-
rized as class 2, waters suitable for central water supply.
Compared to China’s drinking water standard
(GB5749-2006) and surface water standard (GB3838-2002),
most of the trace elements in water from both areas met the
requirements of the regulation. However, the concentrations
of As and Sb in some of the water samples from the Tibetan
area exceeded the national standard (Table 1), with over-limit
ratios of 3.03 and 18.18 %, respectively. Additionally, the
concentrations of Mn, Sb, and Be in some water samples from
the Inner Mongolia region exceeded the national standard
(Table 2). For these elements, the over-limit ratios were
6.67, 33.33, and 6.67 %, respectively.

A comparison revealed similarities and differences in the
distribution of trace elements between the two study areas. In
general, individual element levels in water samples from the
Inner Mongolia region were higher than those from the
Tibetan area except for Ba, Ni, Co, and Al. The orders of the
mean concentrations of the elements were also different in two
areas. In addition, the concentrations of As in the Tibetan area
varied greatly, ranging from 0.21 to 23.07 pg/L, while the As
concentrations in Inner Mongolia region were between 0.86
and 6.43 pg/L. When individually evaluating metal concen-
trations at each sampling point, the highest concentration of
As was found in the sample collected in Ulan Moron. On the
other hand, Ba, Zn, Sb, and Cr concentrations were similarly
higher than other elements in the Tibetan Area and the Inner
Mongolia region. Sb was the major pollutant in both study
areas. With relatively higher over-limit ratios, this problem
requires further attention.

In recent years, the issue of drinking water polluted by trace
elements has received increased attention around the world,
especially in developed areas. For instance, a previous study
assessed tap water quality in Shenzhen China (Lu et al. 2015).
In that study, the mean concentrations of Mn, Cr, As, Cd, and
Sb were 0.90, 0.15, 0.37, 0.038, and 0.30 pg/L, respectively.
Pb was not detected in most of the samples. The concentra-
tions of these heavy metals measured in the present study were
much higher than those reported by Lu et al. (2015). Another
study investigated six heavy metals (Cr, Ni, Cu, Zn, As, and
Cd) in water in Zhalong wetland in China (Zhang et al. 2014a,
b). Almost all mean concentrations of the studied heavy
metals in water were lower than those in the present study
except for Cd. Overall, the concentrations of most heavy
metals in drinking water in the studied remote areas were
likely to be higher than levels found in inland cities. On the
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one hand, it may derive from the local geological characteris-
tics. The two studied areas belong to plateau areas, the special
geological characteristics may be different from the inland. On
the other hand, the drinking water treatment in remote areas
may be not defective and water monitoring may be inade-
quate, so that the drinking water quality is hard to be guaran-
teed. The specific reason is not clear yet, and need to be further
researched.

Health risk assessment

The concentrations of metals in water were used to assess
human exposure through ingestion of drinking water. Four
population groups were considered: infants, teenager, adults,
and the elderly. The predicted health risks of exposure to
metals through water ingestion, according to both study areas,
are summarized in Tables 3 and 4. The carcinogenic risks of
three metals and the non-carcinogenic risks of seven metals
were assessed in the present study.

Carcinogenic risk assessment

The average values of lifetime carcinogenic risk were different
among heavy metals in both study areas. It is notable that Cr
showed the highest carcinogenic risk among all of the metals
assessed in this study. The mean values of Cr carcinogenic risk
in the Tibetan area were 6.60x 10~, 5.62x 10, 6.33x 10,
and 5.42 x 10 for infants, teenagers, adults, and the elderly,
respectively. The mean values of Cr carcinogenic risk in the
Inner Mongolia region were 2.63x 1074, 2.24x107%,
2.52x10°% and 2.16x 10™* for infants, teenagers, adults,
and the elderly, respectively. The carcinogenic risks posed
by Cr to the four groups in the Inner Mongolia region were
all above the maximal acceptable risk levels. The Cr carcino-
genic risks to the four groups in the Tibetan area were above
the maximal acceptable risk levels, except for the levels spec-
ified by the US EPA (Table 2). The mean value of carcinogen-
ic risks induced by As reached 10>, which is above the max-
imal acceptable risk level set by most organizations (1 x 107°)
but below the maximal acceptable risk level set by the US
EPA and ICRP. However, the carcinogenic risks induced by
Cd were less than 10°%, which is below the maximal accept-
able risk level. Figure S1 illustrates the relative contribution of
each metal to the carcinogenic risks of drinking water in these
two study areas. In the Tibetan area, approximately 80 % of
the carcinogenic risks to the four population groups of people
were induced by Cr, approximately 21 % were induced by As,
and only 0.1 % were induced by Cd. In the Inner Mongolia
region, the risks induced by Cr accounted for almost 90 % of
the total carcinogenic risks, and As and Cd accounted for less
than 10 %.
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Table 3 The carcinogenic and

non-carcinogenic risks of Infant Teenager Adult The elderly

exposure to metals through

drinking water for different age Carcinogens

groups in the Tibetan area cd 8.52E-08 ~ 7.25B-08  8.17E-08  6.99E-08
As 1.78E-05 1.52E-05 1.71E-05 1.46E-05
Cr 6.60E-05 5.62E-05 6.33E-05 5.42E-05
Total 8.39E-05 7.15E-05 8.05E-05 6.69E-05

Non- carcinogens

Pb 5.74E-11 4.88E-11 5.50E-11 4.71E-11
Zn 2.80E-11 2.39E-11 2.69E-11 2.30E-11
Cu 1.23E-10 1.05E-10 1.18E-10 1.01E-10
Mn 1.15E-11 9.18E-12 1.11E-11 9.45E-12
Sb 6.01E-09 5.11E-09 5.76E-09 4.93E-09
Ba 1.38E-10 1.18E-10 1.32E-10 1.13E-10
Ni 7.37E-11 6.27E-11 7.06E-11 6.05E-11
Total 6.44E-09 5.48E-09 7.17E-09 5.28E-09
The total of carcinogens and non-carcinogens 8.39E-05 7.15E-05 8.05E-05 6.69E-05

Non-carcinogenic risk assessment

Tables 3 and 4 summarize the non-carcinogenic health risk
assessment for the selected metals in water for the different
age groups included in this study. The mean non-carcinogenic
health risk levels were found in the following descending
order in the Tibetan area: Sb > Ba > Cu > Ni > Pb > Zn >
Mn. In the Inner Mongolia region, the descending order was
as follows: Sb>Mn > Cu>Ba>Zn > Ni>Pb. Sb, Cu, and Ba
were found to be major contributors of non-carcinogenic risks,
whereas Ni, Pb, and Zn contributed the least in both areas. In
the Tibetan area, the non-carcinogenic risk induced by Mn
was the lowest among all seven metals. In contrast, Mn was
the second most significant contributor to non-carcinogenic
risks in the Inner Mongolia region.

The total health risk of exposure to metals through drinking
water for the different age groups in the two study areas is
presented in Fig. 2. According to the results of this study, the
total health risk in the Inner Mongolia region was much higher
than that in the Tibetan Area. In both study areas, the total
health risk in descending order was infant > adult > teenager >
the elderly. As the most sensitive population, infants require
dedicated attention. In this study, carcinogenic risk induced by
Cr, As, and Cd exceeded the maximal acceptable risk level,
indicating that carcinogenic risk from these three metals in
drinking water is higher than the non-carcinogenic risk from
seven metals from drinking water in both areas. This result is
similar to most other related studies (Zhang et al. 2014a, b;
Cao et al. 2015), but different from the study conducted in
Shenzhen, China, which concluded that the non-cancer risk

Table 4 The carcinogenic and

non-carcinogenic risks of Infant Teenager Adult The elderly

exposure to metals through

drinking water for different age Carcinogens

groups in Inner Mongolia region Cd 3.41E-07 2.90E-07 3.27E-07 2.80E-07
As 2.85E-05 2.42E-05 2.73E-05 2.34E-05
Cr 2.63E-04 2.24E-04 2.52E-04 2.16E-04
Total 2.92E-04 2.49E-04 2.80E-04 2.40E-04

Non-carcinogens

Pb 5.59E-11 4.76E-11 5.36E-11 4.58E-11
Zn 7.93E-11 6.75E-11 7.60E-11 6.51E-11
Cu 3.73E-10 3.18E-10 3.58E-10 3.06E-10
Mn 6.07E-10 5.16E-10 5.81E-10 4.98E-10
Sb 8.10E-09 6.90E-09 7.77E-09 6.65E-09
Ba 9.56E-11 8.14E-11 9.16E-11 7.84E-11
Ni 6.88E-11 5.86E-11 6.59E-11 5.64E-11
Total 9.38E-09 7.99E-09 9.00E-09 7.70E-09
The total of carcinogens and non-carcinogens 2.92E-04 2.49E-04 2.80E-04 2.40E-04
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Fig.2 The total health risk of exposure to metals through drinking water
for different age groups in the two study areas

was higher than the cancer risk from heavy metals in drinking
water (Lu et al. 2015).

Correlation analysis

A correlation analysis was carried out to examine associations
of selected elements in drinking water from the Tibetan area
(Table S4) and the Inner Mongolia region (Table S5). In the
Tibetan area, highly significant correlations were found be-
tween Co-Mn, Co-Ni, Cu-Ni, As-Ni, Ti-Ni, Ni-T1l, Cu-As,
Cu-Ti, Cu-Tl, Zn-Cd, Ti-As, TI-As, and Ti-T1 (p<0.01).
Significant correlations between Ba-Cr, Ni-V, Co-Cu, Be-
Cu, Co-As, Co-Ti, Al-Co, and Be-T1 were also found
(p<0.05). Correlations among other elements were not signif-
icant (p>0.05). Furthermore, strong positive correlations
(r>0.6) were found between Al-Co (r=0.788), Cu-Ni
(r=0.946), As-Ni (r=0.953), Ti- Ni (»r=0.718), Ni-TIl
(r=0.871), Cu-As (r=0.955), Cu-Ti (r=0.641), Cu-TI
(r=0.866), Zn-Cd (r=0.695), Ti- As (r=0.698), Tl-As
(r=0.890), and Ti- Tl (r=0.692). A negative association
was found between Be-Cu (r=-—0.386). Significant correla-
tions were also noted between Ba-Cr (r=0.360), Ni-V
(r=0.351), Co-Cu (r=0.365), As-Co (r=0.351), Co-Ti
(r=0.363), Be-T1 (r=0.388), Co-Mn (r=0.507), and Ni-Co
(r=0.446).

In the Inner Mongolia region, highly significant correla-
tions were found between T1-Mn, Cu-Co, Zn-Be, As-V, Cd-
Sb, and Ba-V (p<0.01). Significant correlations between Ni-
Co, Ni-Ti and Ti-T1 were also found (p <0.05). Correlations
among other elements were not significant (p>0.05). Strong
positive associations (r>0.6) were found between Zn-Be
(r=0.927), Cd-Sb (r=0.812), As-V (r=0.764), Cu-Co
(r=0.742), Mn-Tl (r=0.733), Ba-V (r=0.701), and TI-Ti
(r=0.633). Significant correlations were also noted between
Ni-Co (r=0.554) and Ni-Ti (r=0.524). These findings sug-
gest that elements showing positive mutual associations were
likely to be contributed by the same sources, while elements
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risk assessment model was compared with a probabilistic
health risk assessment based on Monte-Carlo simulation to
analyze the influence extent of parameter uncertainty. In ad-
dition, sensitivity analysis was also developed to estimate the
relative contribution of related random variable. Four charac-
teristic parameters were selected as random variable in this
study, including concentration of heavy metals (C), body
weight (W), average lifetime (Y), and ingestion rate of water
(Q). Because almost 90 % of the total health risks were in-
duced by Cr, and infants were the most susceptible to adverse
health risks, R¢; to infants were selected and evaluated using
probabilistic health risk assessment based on Monte-Carlo
simulation in this present study. Then, by building the factor
probability distribution models of the parameters, the proba-
bilistic health assessment was applied with the preferences of
maximum number of trials 1000, confidence level 95 % and
Latin hypercube sampling method.

The simulative figure of R, based on health assessment
method and Monte-Carlo simulation in Tibetan area and Inner
Mongolia region was shown in Fig. S2. The interval value of
health risks in Tibetan area and Inner Mongolia region in-
duced by Cr were (3.86x 107>, 8.93x107%), (1.36x10™%,
3.13x107%), respectively, and the certain health risk assess-
ment values in Tibetan area and Inner Mongolia region were
6.60x 10> and 2.63 x 1074, both of which were in their inter-
val values. The values were all above the maximal acceptable
risk level (1 x 10°), indicating that the uncertainty of system
parameters did not affect the decision making of pollution
prevention and control.

Sensitivity analysis was conducted to evaluate the impact
of the variability and uncertainty of parameters on the estima-
tion of health risks induced by Cr in Tibetan area and Inner
Mongolia region (Fig. S3). The sensitivity of four random
variables in descending orders in Tibetan area and Inner
Mongolia region were Q (49.8 %)>Cc, (27.5 %)>W
(-12.7 %)>Y (-10.1 %), Q (45.1 %)>Cc; (33.8 %)>W
(-13.8 %)>Y (7.3 %), respectively. Ingestion rate of water
and concentration of Cr appeared positive sensitivity, while
body weight and average lifetime showed negative sensitivity.
Moreover, the ingestion rate of water and concentration of Cr
showed possibly high sensitivity to the health risks, suggest-
ing that collecting local information of these two sensitive
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parameters to reduce their uncertainty can improve the reli-
ability of results in further research.

Conclusion

The current study revealed that the concentrations of 16 trace
elements in samples of water collected in the Tibetan area and
the Inner Mongolia region were generally in accordance with
quality standards (GB5749-2006), as only individual samples
exceeded the standard values. Compared to other related stud-
ies in China, the mean levels of trace elements in drinking
water in both study areas were relatively higher than the levels
found in other areas. The health risk assessment indicated that
the intake of water from the both areas might be a threat to the
local population, as carcinogenic risks considerably exceeded
the maximum recommended levels. The results revealed that
carcinogenic risk is higher than non-carcinogenic risk from
drinking water in both areas, and Cr was found to present
the highest carcinogenic risk. Among the four population
groups studied, infants were the most susceptible to adverse
health risks. Correlation analysis reflected significant positive
correlations among most elements, suggesting that the ele-
ments were likely to have common sources. Monte Carlo
analysis indicates that the uncertainty of system parameters
do not affect the decision making of pollution prevention
and control, and sensitivity analysis shows that ingestion rate
of water and concentration of Cr are the sensitive parameters,
indicating that reducing the uncertainty can improve the reli-
ability of results.
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