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Abstract Arsenic (As) pollution not only affects soil fertility and crops growth, but also exposes to humans
through air, soil, water and food, posing a major threat to human health. Mineral exploitation is one of the
most important sources of As environmental problems. In this study. the nine villages (S,—S,) in the vicinity
of a Pb-Zn mining area in Yunnan province were chosen as study area, and the county town 20 km away from
mining was selected as reference area (S;,). The samples including 76 cultivated soils, 306 crop/vegetables
and 86 human hairs were collected. Microwave digestion was used to pretreat these samples by controlling the
three variables of acid dosage. temperature and duration to get the optimal solution of muti-media. The Induc-
tively Coupled Plasma Mass Spectrometry (ICP-MS) were used to determine the contents of As in order to in-
vestigate the As pollution level and human health risk in muti-media. The results will provide a reference for
policy decision on the prevention and treatment of As pollution caused by mining. Results showed that; (1) af-
ter these samples were pretreated by microwave digestion, As detection limits for soil, crops and human hair
ranged from 0.01 to 0. 12 pg » L', and accepted recoveries ranges were 92. 43%~112.23% (soil), 97.88%
~114.72% (crop/vegetable) and 91.44 % ~109. 65% Chair), respectively, and relative standard deviation
was less than 5% with satisfactory results. (2) The mean content of As in soil was 70. 66 mg * kg ', which
was 3. 84 times higher than that of the background value in Yunnan province. According to GB 15618—1995 of
“soil environmental quality standard” (Grade [ ) and the single-factor pollution index (P;), cultivated soil was
severely polluted by As. Furthermore, the highest As content was detected in S;, which might be closely re-
lated to the mining, smelting and transportation for many years. In crop/vegetables samples, the mean As

1

content of tuber-vegetables was 1. 75 mg * kg™', followed by leafy-vegetables (0. 77 mg * kg™'), which was
higher than the maize (0.52 mg « kg™ ') and root-vegetables (0.51 mg « kg '). Based on the maximum per-
missible standard set by China, the excessive rate of As content in crops was 80.64%. (3) The potential
health risk assessments of As exposed to multiple pathways among local residents were evaluated by the hazard
index (HI), the total carcinogenic risk ( TCR), the target hazard quotient (THQ) and carcinogenic risk
(CR), respectively. The total non-carcinogenic risk of As for adult and child were 1. 13~1. 20, which was un-

acceptable risk. The carcinogenic risk was as high as 1077, exceeding the general risk acceptable level (107")
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recommended by the United States Environmental Protection Agency (USEPA). Besides, diet was the domi-
nant exposure pathway. The THQs (>>1) and CRs (>>10"") of As in vegetables showed that a potential risk
did exist, and the TCR of As for child was higher than that for adult.

grown in local area, so we suggested that the nonlocal foods were input to avoid health risks of As pollution

In view of high As risk of vegetables

and those crops whose edible parts are not easy to accumulate As should be largely planted. (4) The contents
of As in hair samples in mining area were 0. 97 pg * g~ ', which was 4. 41 times higher than that in Sy 1. (0. 22
pg g ') (p<<0.05) and beyond the recommended standard of the Ministry of Health (0.6 pg+ g '). The
contents of As from male were higher than that from female, and the Group [l (19~40 years) were higher
than Group [l (=41 years). It meant that the males in 19~40 years who acted as the major participant in
mining and smelting activities were more vulnerable to exposure to As than others. (5) This study provided a

powerful basis for the As pollution level in muti-media of the mining area, but also for the assessment of As

exposure risk to local human health.
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Introduction

Arsenic (As) is either consumed passively by humans or
fodder for

Excessive As in agricultural soil can reduce soil productivity,

incorporated into poultry and livestock'.

lower the quality of crops, and pose a threat to human health

via food consumption?,

Long term As consumption gave rise
to several human diseases which included reproductive, neu-
rological, cardiovascular, and diabetic effects in humant/. As
has been documented to cause skin, bladder, and lung canc-
ert"”, the World Health Organization (WHQ) and Interna-
tional Agency for Research on Cancer (IARC) have recog-
nized As as a carcinogen. Numerous epidemic-like health acci-
dents linked to As contamination have happened in recent
years'' ., and hundreds of thousands of people in the world al-
ready have been affected by the As contamination",

In this study, the US EPA model by calculating the
hazard index (HI) and the total carcinogenic risk (TCR) for
As in soil and the target hazard quotient (THQ) and the total
carcinogenic risk (CR) for As in crop/vegetables ) was em-
ployed to estimate the human health risk in human hair sam-
ples and was used to assess exposure level because human hair
can provide a more permanent record on chemical elements as-
sociated with normal and abnormal metabolism from a long-
term period ™), thus it is a useful biomonitoring tool to assess

the extent of chemical element exposure to residents®’.

Liter-
ature (Baker et al’, Huang et al''*!, Trojanowski et al'’!)
reported that the contents of As in hair are affected by age and
gender and decrease with age in the high As exposure popula-

tion.

Arsenic; Risk assessments; Mining area; Inductively coupled plasma mass spectrometry
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The production and output value of Pb, Zn, Cu, Sn min-
erals from Yunnan Province leap into the front ranks of Chi-
na., and Pb-Zn smelting industries is classified as key preven-
tion and control industry, and As is mostly associated with
Pb-Zn mines in nature, and the process of non-ferrous metal
mining causes the removal of arsenide, leading to As pollu-

1, thus the As are listed as one of the focuses of pollu-

tion®
tants prevention and control. Although the groundwater con-
tamination by As is already considered as a serious and severe
global environmental problem, but little is known about diet
as an additional source of arsenic exposure near mining area in
Yunnan. Therefore, the identifications of As contaminated
level in soil and crop/vegetables, daily dietary intake of As

and associated health risk assessment are urgent for local resi-

dents around the mining area.
1  Experimental

1.1 Apparatus and Reagents

Agilent 7700 inductively coupled plasma mass spectrome-
ter (Agilent Technologies, USA), the operating parameters
were listed in Table 1; Milli-Q laboratory water purification
system (Millipore, USA); MDS-10 high throughput micro-
wave digestion instrument (Shanghai Sineo Microwave Chem-
istry Technologies, China).

1 000 mg » ™! As standard solution (IERM, China);
Multi-element mixed solution of internal standard (Agilent,
USA); 65% HNO,, 29% ~32% H,0,. 40% HF (Sinop-
harm Chemical Reagent Beijing Co., Ltd, China); GBW
07403 (soil) , GBW 07602 (vegetable) and GBW 0901 Chair)
(National Standard Sample Study Center, China).
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Table 1 Operating parameters of ICP-MS
- @ Mountain G Mining area
Parameters Numerical Value - © samplingsic g3 Town
RF power/W 1550 Chind |,

0.9 (0.6~1.0)
0.25 (0.3~1.0)

Nebulizer gas flow/ (L ¢« min~ 1)

Auxiliary gas flow/(L « min~ 1)

Sampling depth/mm 8 (7~10)
Peristaltic pump speed/rps 0.1 (0.1~0.3)
Sample cone/mm 1.0

Skimmer cone/mm 0.7

1.2 Samples Collection

In this study, the nine villages (S;—S;) around a Pb-Zn
mining area in Yunnan province were determined as study are-
a, and the county town 20 km away from mining was selected
as reference area (S;;). The samples including 76 cultivated
soils, 306 crop/vegetable and 86 human hairs were collected,
respectively (Fig. 1). The crops/vegetables samples included
51 maize (crop, as a staple crop) and ten kinds of vegetables,
which were leafy vegetables (24 Chinese cabbages, 16 pak-
choi, 22 scallions, 17 garlic, 14 lettuces, 9 parsley, 17 tine
peas and 16 spinach), tuber vegetables (96 potatoes) and root
vegetables (24 radishes), respectively. The soil samples (0~
10 cm depth) below the crop/vegetables were also collected.
To characterize the exposure levels, 60 no colored or treated
hair samples from local inhabitants and 26 hair samples from

S,okm area were collected.

5

PR’ y
Yunnank 5/
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Fig. 1 Sampling sites of the study area

1.3 Samples Pretreatment

Hair samples were washed according to the procedure
recommended by the TAEA Advisory Group (acetone, three
times water, acetone) to remove surface dirt and grease. The
collected crop/vegetables were dried in oven for 24 h at 70~
80 C, and the soil samples were air-dried at room tempera-
ture and the washed hair samples were dried at about 50 C to
constant weight. The samples (0.1 g) of dried and ground
soil, vegetable and the hair which were cut into pieces less
than 1 cm long and were digested according to the conditions
of Table 2, and the As contents were measured by using in-
ductively coupled plasma mass (ICP-MS) spectrometry (Agi-
lent Technologies, USA).

Table 2 Microwave digestion conditions of samples

Sample type HNO; /mL H,0,/mL HF/mL Programming Temperature/Heating time
Soil 6 1 2 120 °C /6 min, 160 °C/5 min, 200 ‘C /5 min, 240 “C /5 min
Crop/vegetable 7 1 0 120 °C /5 min, 150 °C/5 min, 175 ‘C /5 min, 240 °C/5 min
Hair 7 1 0 100 °C /6 min, 130 C/5 min, 170 °C /5 min, 200 ‘C/5 min

1.4 Risk Assessment Methods

Contents of As in the soil and crops were assessed by

S

and calculation were referred to Ref. [11].

single-factor pollution index (SFPI, Pi==-), and definition

The human health risk models including non-carcinogenic
hazard and carcinogenic risk assessment for all the elements
through ingestion (CDI,,) . inhalation(CDIL,, ), diet (EDD,
and dermal contact (CDIg.,) raised by USEPA, which were
expressed as the hazard index ( HI) and total cancer risk
(TCR) for individual elements in soil while the target hazard
quotient (THQ) and the carcinogenic risk (CR), respective-
ly. The definitions of symbols and parameters were referred

to Ref. [12]

2  Results and Discussion

2.1 Quality Control and Quality Assurance

Quality assurance and quality control were assessed using
the analysis of duplicate samples, method blanks and standard
reference materials. Precision and accuracy for As analysis in
different samples were verified using the standard reference
materials [ GBW 07403 (soil, China), GBW 07602 (vegeta-
ble, China) and GBW 0901 (hair, China)]. Accepted recov-
eries ranges were from 92.43% ~ 112.23%, 97.88% ~
114.72%, and 91. 44 9% ~109. 65% for soil, crop/vegetable
and hair samples, respectively. The difference of <<5% be-
tween the determined and certified values of As contents were
considered acceptable.

2.2 The Pollution Levels of As in the Multiple Media
2.2.1 The pollution levels of As in the soil and vegetables

In this study, the contents of total As (mg * kg ' dw) in
the different samples were shown in Fig. 2. The highest As
content of soil was detected in S, sampling site (100. 53 mg *
kg '), because the S, was the nearest sampling site from

mining area, and the mean content of As in the soil samples
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was 3. 84 times higher than that of the background value in
Yunnan province (18.4 mg * kg~ '). The single-factor pollu-
tion index (P;) of As in soil varied from 2. 22 to 3. 26, which

reached heavy pollution. The possible reason was that As was

associated with Pb-Zn mines in nature, and the long-term Pb-
Zn mining smelting caused the removal of arsenide, leading to
As pollution and irrational use of pesticides and chemical fer-

tilizers led to As pollution in the soil.

Soil . Leafy-vegetables Tuber-vegetables Ls Root-vegetables Maize
S0 > 300 > 157« L6l >
& 120 4 25 1.2
E 100 1.2 .
3 g0 3 2.0 "" 0.9 1
< I L . . T |
5 60 maang il o 2 + = T 0.6 T T T 08 T T |
- ) e T T I N =
£ 20 Ui 8 o B 0.5 i L g ‘ I 0'4’—‘_‘ l ﬂ C
8 % It |, 0.0 H 0 L
S18283S48556S7S8S9510 SI S3 S4 S8 S9 SI10 SI S4 S5 S6 S8 SI10 S3 S4 S6 S8 S9 S10 S1 S3 S4 S5 S6 S7 S8 S10
Fig. 2 Statistical comparison of As contents (mg » kg™'. mean®SD) . their respective Chinese National Quality Value (dotted line)

and the background values of Yunnan province (solid line) in soil, leafy-vegetables, tuber-vegetables, root-vegetables and

maize at different localities

As shown in Fig. 2, the As contents varied from different
vegetables (p<C0.05), and the As contents in tuber-vegeta-
bles and leafy-vegetables were higher than that in others, and
the mean were 1.75 and 0.77 mg « kg™', respectively, fol-
lowed by maize (mean value=0.52 mg * kg ') and root-veg-
etables (mean value=0.51 mg « kg '). The variation of As
contents in all sorts of vegetables might be due to variable ca-
pabilities of absorption and accumulation of As, variations in
growth period and growth rates. It was very interesting that
As contents in tuber-vegetables were much higher than that in
others, indicating that this vegetable (potato) had the poten-
tial bioaccumulation for As. The contents of As in crops were
similar to that in Sy . Compared with the threshold values
issued by the Chinese Ministry of Health and WHO/FAO
(2007), the As contents in agricultural crops were beyond the
limits of food safety and the exceeding standard rate was
80. 64 % , which suggested a potential risk in view of product
quality and human health. In this study, As levels in the agri-
cultural food crops was high because the soil was rich in As,
coinciding with the result that the soil was seriously polluted
by As mentioned above.

2.2.2 The exposure level of As in hair samples

The contents of As in different gender and age hair sam-
ples were detected for local and Sy .. (Fig. 3). The Kolmog-
orov-Smirnov test showed that the contents of As (p<C0.05)
in local area samples appeared to a normal distribution and

1

varied from 0. 01 to 9. 10 mg » kg™ ', with the mean value ap-
proximately 4. 41 times higher than that in S, ,. Therefore,
the high As levels in hair showed that the people living in the
exposure area might be at high risk of toxic chemical element
exposure,

Results found that at local area, hair As contents were
observed comparatively higher in the male populations (2. 71
mg « kg~') than the females (0.89 mg » kg™'), which was

]

consistent with the study of Baker'®. Variabilities among in-

dividuals were based on their susceptibilities in As accumula-

tion and genetic differences. The possible reason is that their
occupational exposure in mining, smelting and welding activi-

ties where the As is irreversibly adsorbed on human hair.

=
137
8 - -
[1J Female }'H:|° L d
[ Male
'E *
IS H<is years
©n
Wi19-40 years
O =41 years H—l

T T T

0.1 1

T T T T

10 0.1 1 10
As/(mgkg™)
Fig. 3 Box-plot diagram of As for the subjects
by gender and ages
Male (n=36), Female (n=24), <18 years (n=18), 19~40 years
(n=28), =41 years (n=14). Middle band, box and whiskers repre-
sented the median, 25th and 75th percentile, and 5th and 95th per-

centile, respectively. Circles represented the mean value, whereas

“ % ” represented extreme values

In this study, based on the frequency and intensity of
outdoor life and work for study population, the participants
(<18

years, n=18), Group [ (19~40 years, n=28) and Group

were divided into three groups (Fig.3): Group [

[l (=41 years, n=14). In local area, the As contents in hair
observed that Group ][I were higher than other groups, indi-
cating that this group people were the main participants in
mining and metallurgy activities. having more opportunity to
accumulate As by inhalation and dermal contact. On the con-
trary, Group ]| was the lowest contents in reference area
Notably, the

mean content of As in the hair samples of different age groups

(S50 1m ) due to the difference of work types.

in the local area was higher than that of the corresponding age

group in the S, |, area, revealing that As was an important
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element to endanger the health for the residents.
2.3 Human Health Risk Assessment of As

Human exposure to As near the study mining area oc-
curred directly through ingestion, dermal contact and inhala-
tion in soil or consumption of locally grown vegetables and
crops, and the health risks to residents through above path-
ways were assessed by estimating target hazard quotients
(THQ) and cancer risk (CR). Table 5 summarized the re-
sults of the actual exposure assessment for adult and child ex-
posed to As through four exposure pathways around mining

area. When the THQ value was greater than 1, it indicated

that a potential health risk might exist. The THQs of As in
vegetables through diet (> 1) were the highest among all
pathways, indicating that a potential non-carcinogenic risk
might exist. The THQs of As from consumption vegetables
was in the order of Chinese cabbages™ spinach™ scallions >
radishes™ pakchoi > lettuces garlic > potatoes > tine peas >
parsley>maize. However, we found that the non-carcinogen-
ic risks from soil by three pathways were relatively lower than
diet through consumption of agricultural crops. The HI val-
ues of As (the sum of all THQs) through four main pathways
for adult and child were 4. 67 and 4. 23, respectively.

Table 5 Non-carcinogenic and carcinogenic risk assessments for adult and child

exposed to As through four exposure pathways around the mining area

CDI/EDI Total
Media Pubways  (mge kg b dey ) HamHa HQ/THQ o TR
Adult Child Adult Child Adult Child Adult Child Adult Child
Ingestion  4.13X10°° 8.48X10 5 £ 13X10 2 8.48X10 2 0.041  0.085 7.78X105 3.03X10 ¢ L12X10 ¢ 3.37X10 ¢
Soil Dermal contact ~ 1.69X1077  4.40X1077 1.69X10~* 4.40X10~* 7.56X1077 4. 14X1077
Inhalation L73X1078 1.73X1078 1.73X107° 1.73X10° 3.34X1075 3.34X107°
Leafy-vegetables LAIX107% 1.02X107% L4l 102 L16 Lo4 2.01X107% L96X10~% 1.66X1073 2.00X10~
Root vegetables Diet 5.82X107% 5.67X107* 5.82X1071 5.67X107! 112X1073  1.09X1073
Tuber vegetables 2.00X107%  1.94X103 2.00 1.94 3.85X1073  3.75X1073
Maize 6.39X107 % 6.22X107* 6.39X107 1 6.22X10°! 1.23X1073 1.20X10°3

Concerning carcinogenic risk (CR) of As, the CR of veg-
etables and soil varied from 1.12 X 107" to 8.30 X 107 (>
107"), indicating that the potential risk was not negligible
both for adult and for child. Similar to non- carcinogenic risk,
vegetables consumption played key role in As exposure and
risk, and the order of CR value from vegetables was the same
as THQ as well. Notably, the TCR of As (the sum of all
CRs) for child was higher than that for adult, concluding that
concern has particularly focused on child, because As could
harm brain and nervous system development in childhood.

In soil and agricultural crops. the relative contribution of
human health risk for As was compared between adult and
child (Fig. 4). The intake of tuber-vegetables was the major
source of As exposure, accounting for 42. 77 % ~46. 24% of
the estimated total risks in the study area. Interestingly, for
cancer risk of As, soil ingestion, dermal contact and inhala-
tion for child were a relatively important factor. The possible
reason was that their hand to mouth activities and playing
time increases the chance of exposure to contaminated soil. A-
mong all the main exposure pathways, the most important ex-
posure pathway for As appeared to be the diet of locally
grown vegetables, with about several times as much as that
through soil and maize.

These results indicated that the high As contents in vege-
tables were mainly due to enrichment from the soil, and the a-

dult and child living around the mining area might experience

adverse health effects based on the contribution of vegetables
to the intake of As. The reducing the source of As to relieve
soil pollution and controlling the intake of contaminated vege-

tables were the reliable ways to control the human health

risk.
- Soil \:| Root-vegetables - Maize

x |: Leafy-vegetables - Tuber-vegetables
E 100
8
=
2 80
<
)
G
S
£
3
2
-
2 401
5]
Q
o
2y
ko 20 1
<
e~

0 .

Non-carcinogenic risk Carcinogenic risk
Fig. 4  Relative contribution profile of human (adult and

child) health risk, including non-carcinogenic and
carcinogenic risks. Relative contribution was derived
by dividing the risk estimate from a given source by the

total risk from all sources under investigation

3 Conclusions

In this study, the soil samples showed severe As pollu-
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tion and the As contents in all agricultural food crops were be-
yond the food safety limits. Diet from vegetables was the
main contributor to the THQs and CRs of As among all path-
ways, and a potential non-carcinogenic and carcinogenic risk
might exist both for adult and for child. Particularly, the
TCR of As for child was higher than that for adult. We rec-

ommend that local people should not consume a large number

of these vegetables and avoid the accumulations of As in the
body. Furthermore, males were more vulnerable to exposure
to As than females. Thus, an urgent and systematic study of
As in soils growing vegetables and an assessment of pollution
source apportionment were recommended so that it could sig-
nificantly decrease the intake of As, and thus contribute to

the improved human health of the local residents.
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