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Abstract Urine used as a biomarker was collected
and compared between two groups of participants: (1)
a groundwater-drinking group and (2) a non-ground-
water-drinking group in intensively agricultural areas
in Ubon Ratchathani province, Thailand. The statis-
tical relationship with the metal concentration in
shallow groundwater wells was established with urine
data. According to the groundwater data, the health
risk assessment results for four metals appeared to be
higher for participants who drank groundwater than
for the other group. The carcinogenic risk and non-
carcinogenic risk of arsenic (As) were found in 25.86
and 31.03% of participants, respectively. For lead
(Pb), 13.79% of the participants had a non-
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carcinogenic risk. Moreover, 30 of the 58 participants
in the groundwater-drinking group had As urine higher
than the standard, and 26, 2 and 9 of the 58 participants
had above-standard levels for cadmium (Cd), Pb and
mercury (Hg) in urine, respectively. Both the risk
assessment and biomarker level of groundwater-
drinking participants were higher than in the other
group. The results showed an average drinking rate of
approximately 4.21 £ 2.73 L/day, which is twice as
high as the standard. Interestingly, the As levels in the
groundwater correlated with those in the urine of the
groundwater-drinking participants, but not in the non-
groundwater-drinking participants, as well as with the
As-related cancer and non-carcinogenic risks. The
hazard index (HI) of the 100 participants ranged from
0.00 to 25.86, with an average of 1.51 %+ 3.63 higher
than the acceptable level, revealing that 28 people
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appeared to have non-carcinogenic risk levels (24 and
4 people for groundwater-drinking participants and
non-groundwater-drinking participants, respectively).
Finally, the associated factors of heavy metals in urine
were the drinking water source, body weight, smok-
ing, sex and use of personal protective equipment.

Keywords Groundwater - Heavy metals - Risk
assessment - Biomarker - Urine - Thailand

Introduction

Heavy metal contamination is a global concern
because of the strong toxicity of these substances.
Heavy metals released from anthropogenic activities
such as agricultural and industrial activities eventually
contaminate the surface water and groundwater. They
can be dispersed and accumulated in the food chain.
These concentrations tend to be high and accumulate
in the human body or animals via food and water,
which negatively affect human health (Siriwong 2006;
Chotpantarat et al. 2011). Heavy metals are bio-
accumulated in the human body by three main routes:
inhalation, dermal contact and ingestion. In addition,
heavy metals can cause serious health effects with
various symptoms depending upon the toxicity and
quantity of the metal intake (Adepoju-Bello and Alabi
2005). The following studies were conducted in many
parts of the world regarding As and other toxic metals
that contaminated groundwater and contributed to
urine biomarkers and health risk assessments. A study
in Japan reported that the concentration of mercury
(Hg) in the urine was related to the fish consumption
rate. Their participants found a positive correlation
between the Hg intake rate and Hg in humans
(Tomoko et al. 2007). Due to influences of As-
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contaminated groundwater in Cambodia, a linear
relationship between As concentrations in human hair
and in the local groundwater where As (IIl) is the
dominant type (Suthipong et al. 2010) was revealed.
Another study in Cambodia on As contamination in
groundwater and a risk assessment in the Kandal
Province of Cambodia (Thi et al. 2009) reported that
approximately 13 of 15 groundwater samples were not
only considerably contaminated with As; the research-
ers also found barium (Ba), manganese (Mn) and lead
(Pb), exceeding the WHO drinking water guidelines.
Regarding research in Pakistan, Zafar et al. (2009)
reported that the health burden of skin lesions was
primarily caused by drinking groundwater contami-
nated with As in the range of 0.1 to >100 pg/L. The
similar result was found in a study in New England,
which reported a positively significant correlation
between residual bladder cancer mortality rates and
private groundwater supply use (Ayotte et al. 2006).
Normandin et al. (2014) revealed moderate concen-
trations of As in groundwater ranging from 0.02 to
140 pg/L and found a significant relationship between
biomarkers and As in the drinking water intake.
Recently, Middleton et al. (2016) found As concen-
trations ranging from 0.01 to 233 pg/L. and reported
that private water supplies were the dominant source
of inorganic As exposure for the residents of Cornwall
in the UK.

Furthermore, many studies used urine as a biomar-
ker representing daily excretion of Cd, Cr, Mn, Ni and
Pb (Gil et al. 2011), As (Nathalie et al. 2012) and Hg
(Lietal. 2011). Moreover, Ivanenko et al. (2013) used
urine levels as a representative biomarker of doses of
Ag, Al, As, Ba, Be, Cd, Co, Cr, Cs, Cu, Fe, Mn, Ni, Pb,
Se, Sr, T1, U, V and Zn, for which a total heavy metal
analysis may show the effect from recent daily
drinking water (Gil et al. 2011; Nathalie et al. 2012).
Urine is the main route of excretion, which is
produced by the kidneys and contains the by-products
of metabolism: salts, toxins and water that end up in
the blood (Nathalie et al. 2012). Urine shows evidence
of the risk of ingesting heavy metals contaminated in
the groundwater. However, there are a few studies that
evaluate the relationship between heavy metals in
shallow groundwater and those in urine (Ayotte et al.
2006; Aylward et al. 2014). Moreover, the relationship
can be the evidence to support health risk assessment
results for people who consumes the groundwater in
this area.
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This research focused on locals who had been living
and working for a long period of time on one of the
largest chili farms in Thailand, where potentially toxic
heavy metals contaminated the groundwater, which
resulted from long-term intensive agrochemical appli-
cation (Fig. 1). The locals had been living on the farm,
and most had no electricity or tap water in their
residences. Groundwater is the main raw water source
for both agricultural activities and consumption. A few
people used tap water, but most people exploited only
groundwater because it is easily accessible and offers a
large amount of water. Furthermore, a previous study
by Wongsasuluk et al. (2014) in these agricultural
areas found adverse human health risks, both non-
carcinogenic risks and cancer risks from heavy metals
contaminating the locals’ groundwater. In this area,
most local farmers had frequently used pesticides and
fertilizers on their crops, particularly organophosphate
pesticides (OP), which mainly consist of chlorpyrifos
and profenofos, and ammonium nitrate fertilizers
(NH4NO3) to optimize the product yield (Ooraikul
et al. 2011). Moreover, the fertilizers used in the
agricultural areas were measured heavy metals, such
as Cr, Ni, Cu, Zn, As, Cd, Hg and Pb.

As in earlier studies, the knowledge gap is one in
which several previous studies mainly focused on
areas located in medium to high levels of As, Cd, Pb
and Hg contaminating the groundwater, which partic-
ularly exceed the WHO drinking water guidelines, but
few studies have mainly focused on low concentra-
tions of As and other toxic metals. The hypothesis in
this study was that both non-cancer and cancer risks
from groundwater exposure need to be carefully
monitored even if heavy metals contaminate the
groundwater in low concentrations, particularly in
tropical areas, and the main contributing factor to such
metals in urine may come from drinking groundwater.
To bridge the gap, this research aimed at assessing the
health risk and using urine as the indicator of recent
exposure to such toxic metals for different participant
groups who have been living in intensively agricul-
tural tropical areas. These groups are classified
according to their drinking water sources, which were
contaminated with low As levels and other toxic heavy
metals in the groundwater, most of which do not
exceed the Thai groundwater drinking standard.
Interestingly, since the main drinking water source is
the groundwater and the high drinking intake rate is
due to intensive farming (Wongsasuluk et al. 2014),

this study can be used as the representative of a health
risk assessment in low concentrations of heavy metal
contaminating the groundwater in agricultural tropical
areas, where most local farmers usually drink ground-
water in the field while working. The relationship
between heavy metals in urine and these metals in the
local drinking groundwater as well as the relationship
between urine and the risk of human exposure was
then established. Finally, using statistical techniques,
which were Kolmogorov-Smirnav test (K-S test),
Mann-Whitney U-test (2-tailed), Kendall and Spear-
man test, and multiple linear regression, the associated
factors contributing to the biomarkers were deter-
mined. The objectives of this study were (1) to
investigate and compare the As and other toxic heavy
metals measured in the drinking water (groundwater
and tap water) at each site and in the urine of the
participants (groundwater-drinking group and non-
groundwater-drinking group); (2) to determine the
statistical relationship between such metals in ground-
water and those in the urine of the two groups; (3) to
estimate the risk of human exposure of the two groups
and to establish the relationship between urine and the
risk of human exposure; and finally (4) to individually
determine the major contributing factors on the
amount of heavy metals in the urine.

Materials and methods
Study area

The agricultural study area has been continuously and
intensively farming for a long period of time and
remains one of the largest chili farms in Thailand
(Norkaew 2009), with other crops including rice,
rubber trees and corn. This site located in the Mueang
district in the Ubon Ratchathani province in northeast
Thailand between a longitude of 1,695,000—1,704,000
UTM and a latitude of 479,000-469,000 UTM
(Fig. 1). The average altitude of this study area was
129.76 £ 13.22 m (msl), ranging from 87.00 to
147.00 m (msl). In addition, the direction of ground-
water flow was from the upstream reservoir to the
south and southern parts. The depth of the groundwa-
ter level is fairly shallow and was in the range of
2-4.4 m with an average of 2.85 m throughout the
year (Fig. 2a), indicating that this area is located in a
discharge area. The soil textures consist of three types:
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Fig. 1 Map of the 25 groundwater wells in the agricultural area in the Mueang district, Ubon Ratchathani province, northeast Thailand
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Fig. 2 Contour maps showing groundwater. a Level (m, MSL); b conductivity and ¢ pH at the study area

sandy loam, loamy sand and sand with an average
hydraulic conductivity of between 3.43 and
49.03 cm/day (Chotpantarat et al. 2011; Masipan
et al. 2016). Furthermore, according to our previous
study (Wongsasuluk et al. 2014), these agricultural
areas had acidity in the shallow groundwater, where
the average pH was 4.72 £ 1 (Wongsasuluk 2010;
Wongsasuluk et al. 2014). As mentioned, in terms of
the hydrogeological characteristics, this intensively
farming appears to have the potential for the move-
ment of agrochemicals from the ground surface to
shallow groundwater systems.

Sampling and analytical methods

The 100 locals who were the target participants in the
study area were randomly selected among those who
permanently live in this agricultural study area without
migrating and those above the age of 18. Each
participant submits urine and general drinking water
samples, and they were placed in shallow groundwater
or non-groundwater (tap water) drinking water groups.
Face-to-face interviews were used to collect personal
information such as age, sex, body weight, underlying
diseases, occupation, smoking behavior, alcohol use

@ Springer
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and drinking and washing water sources to investigate
the associated factors that may affect heavy metals’
accumulation in humans. The urine was collected in
100-mL glass bottles. The bottles were parafilm-
wrapped to prevent leaking or evaporation and were
then frozen at —4 °C in sealed containers. Drinking
water from both the tap water and groundwater of all
participants was also sampled using rinsed polyethy-
lene bottles. The glass bottles used in this research
were bottles specifically designed for urine sampling,
and the drinking water samples were collected in
sterile polyethylene bottles (Aguilera et al. 2010). The
water samples were not filtered because they were not
crystallized (which was prevented using nitric acid).
Urine samples were normally clear; if not, they were
filtered using 20-25-pum pore filter paper.

Shallow groundwater samples were collected from
local groundwater wells from which participants
usually consume. The initial approximately
5-10 min worth of pumped groundwater or 2-3 pore
volumes of well water were discarded, and the
groundwater samples were collected in rinsed poly-
ethylene bottles. The pH and electrical conductivity
(EC) of the freshly collected non-filtered samples were
measured in situ using a pH and EC meter (Instrument:
pH 3210 set two including SenTix® 41), respectively.
Each water sample was acidified with 65% (v/v)
HNO; to pH < 2 to dissolve all heavy metals and to
prevent crystallization or precipitation. Approxi-
mately 0.3 ml or 5-6 drops per water sample was
added in 60-mL bottles (the lowest volume changed
not affected concentrations of heavy metals); 0.5%
nitric acid was adequate to prevent precipitation
(Normandin et al. 2014; UnChalee 2014; Wongsasu-
luk et al. 2014). All groundwater sample bottles were
kept at approximately 4 °C in sealed containers to
prevent evaporation and were transported back to the
laboratory prior to analyzing the amounts of heavy
metals.

For measurement of heavy metals in drinking
water, inductively coupled plasma mass spectrometry
or ICP-MS from the Milestone Laboratory System
ETHOS was used to measure the concentrations of As,
Cd, Pb and Hg in all drinking water samples (see
Supplementary Information). For the As, Cd and Pb
analyses, eight concentration points for standard
curves of ICP-MS, ranging from 0.5 to 100 pg/L,
were used with their 2 of 0.9998, 0.9998 and 0.9999,
respectively. For Hg, six concentration points ranging

@ Springer

from 0.5 to 10 pg/L were used with an 7> of 1.0000.
Deionized water (DI water) was used as a 0.000 pg/L
blank for all heavy metal analyses. The atomic
absorption spectrophotometer (AAS) (based on the
standard of the American Conference of Governmen-
tal Industrial Hygienists (ACGIH) process) was used
to measure the concentrations of As, Cd, Pb and Hg in
urine (see Supplementary Information). The standard
curve of AAS for As, five concentration points ranging
from 20 to 200 pg/L, was used with an ¥ of 0.9987.
The four standard points for Cd ranged from 2 to
20 pg/L with an #* of 0.9987. The five standard points
for Pb ranged from 5 to 80 pg/L with an r* of 0.9993.
The four standard points for Hg ranged from 6.25 to
50 pg/L with an 7> of 0.9989. The diluted 1% nitric
acid was used as a 0.00 pg/L standard blank. The
detection limits of ICP-MS were 0.001 pg/L for all
heavy metals, while the detection limits of AAS were
0.01, 0.01, 0.02 and 0.05 pg/L for As, Cd, Pb and Hg,
respectively. The LODs was calculated by SD*3. For
the inter-method verification between AAS and ICP-
MS, the same urine samples were analyzed for As, Cd,
Pb and Hg to assess the different concentrations
between the two methods and found that the % of
relative error for the four metals was between 3.75 and
5.32% (see Supplementary Information, Table SI.1).
The Certified Reference Material data were used as
quality assurance for the analytical standard samples
(for As, Cd, Pb and Hg) for both the groundwater and
urine (see Supplementary Information, Tables SI.2—
SL5). The urine results were trustworthy because the
results were measured and certified by the Special Lab
Center Clinic of Thailand using the standard method
of ACGIH, which is used in medical specialty clinics,
especially for blood and urine measurement. The
concentration units of Cd, Pb and Hg in urine (ng/g of
creatinine) are derived by comparing concentrations
of individual heavy metals in urine with creatinine in
urine (mg/dL of urine). In addition, the water results of
ICP-MS were measured and certified by the Central
Laboratory of Thailand, a well-known laboratory in
Thailand, following the AWMA (American Water
Works Association) in-house method TE-CH-038 that
is based on Standard Methods for the Examination of
Water and Wastewater by AWWA (22nd edition,
2012, part 3030E). Each sample was tested in tripli-
cate, and the results showed the standard deviation,
calculated from the triplicate analysis (see Tables 4, 5,
6, 7).
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Data analysis

The data obtained from face-to-face interviews were
summarized and were used to calculate the risk
assessment and associated risk factors. The results of
the health risk assessment estimated the probability of
the occurrence of any given probable magnitude of
adverse health effects over a specified time period.
The health risk assessment of each heavy metal was
based on the quantification of parameters in the risk
calculation equation. The two principal toxicities are
the different toxicities between the carcinogenic effect
and non-carcinogenic effect. The first toxicity is the
slope factor (SF) for evaluating the carcinogen risk
characterization, while the second toxicity is a refer-
ence dose (RfD) for evaluating the non-carcinogen
risk characterization (Lim et al. 2008). The toxicity
indices of each potentially toxic metal are shown in
Table 1. The estimations of the concentration, fre-
quency and duration of human exposure to each
potentially toxic metal in the environment are mea-
sured as the average daily dose (ADD) (USEPA 1992;
Siriwong 2006), as shown in Eq. (1);

ADD = (C x IR x EF x ED)/(BW x AT) (1)

where ADD is the exposure duration (mg/kg-day), C is
the concentration (mg/L), IR is the intake rate (L/day),
EF is the exposure frequency (day/year), ED is the
exposure duration (year), BW is the body weight (kg),
and AT is the average time (day) that the subjects are
exposed to heavy metal.

Risk characterization is the last step of the health
risk assessment process based on the calculation of
ADD. The non-carcinogenic risk was calculated as the
hazard quotient (HQ), as shown in Eq. (2);

HQ = ADD/RfD (2)

Table 1 The toxicity responses (dose response) to heavy
metals as the oral reference dose (RfD) and oral slope factor
(SF) (USEPA IRIS 2015)

Heavy Oral RfD Oral SF

metals (mg/kg/day) [(mg/kg-day) ']
As 3x 107 1.5

cd 50 x 1074 nd.

Hg 3.0 x 107* n.d.

Pb 3.5 x 1077 n.d.

n.d. not determined

where the average daily dose (ADD) and reference
dose (RfD) are in mg/kg-day.

If the value of HQ exceeds 1, there is an unaccept-
able risk of adverse non-carcinogenic effects on
health, while if the HQ is <1, there is an accept-
able level of risk (USEPA 2001). For the risk
assessment of many heavy metals, the individual
HQs are combined to represent the hazard index (HI),
where HI > 1 denotes an unacceptable risk of non-
carcinogenic effects on health, while HI < 1 denotes
an acceptable level of risk (ECETOC 2001). The
carcinogenic risk can be calculated as the product of
ADD (mg/kg-day) multiplied by the SF (mg/kg/day).
An acceptable level is 510_6, which means that, on
average, the probability is that approximately one
person per 1,000,000 will develop cancer as a
consequence of the exposure (Lim et al. 2008), while
values >107° are unacceptable risk levels. According
to the cancer risk assessment process, the results were
the probability of the occurrence of adverse health
effects in participants. As mentioned earlier, in
summary, the risk results can be indicated by either
the value of the hazard quotient (HQ) in terms of the
non-carcinogenic risk or the value of the cancer risk in
terms of the carcinogenic risk. The toxicity of heavy
metals or the dose responses of each potentially toxic
metal are shown in Table 1.

To compare heavy metals’ concentrations in the
urine between groundwater-drinking participants and
non-groundwater-drinking participants, the Kol-
mogorov—Smirnov test (K-S test) was used to inves-
tigate the normal distribution, and then, the Mann—
Whitney U test (two-tailed) was applied to investigate
the difference between the two independent groups of
continuous data.

Statistical parameters including the range, average
and standard deviation were investigated. The inde-
pendent variables were both category data and
continuous data that were obtained from the question-
naire. The dependent variable was the concentration of
heavy metals in urine, which was classified as
continuous data. The relationship between heavy
metals in the urine and heavy metals in the drinking
water and the relationship between heavy metals in the
urine and the risk assessment were established using
Kendall and Spearman tests. Since heavy metals
concentrations in urine and the risk assessment (HQ
and cancer risk) are both continuous data, Kendall and
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Spearman tests could be used to investigate their
correlations. In addition, a multiple linear regression
can be used to identify the associated risk factors using
the SPSS 16.0 software (IBM Corporation, New York,
NY, USA). The multiple linear regression was used
because the independent factors (x) or associated
factors included both category data (such as sex,
occupations) and continuous data (such as age, weight,
height), while the dependent factors (y) were heavy
metal concentrations. Both cancer risk and non-cancer
risk values were calculated using the cancer risk level
and HQ values. Britveit et al. (2011) studied heavy
metals in urine in Norway and used urine as a
biomarker of chronic cadmium exposure in a popula-
tion residing in the vicinity of a zinc-producing plant
and investigated the associated factors affecting
metals in the urine using the multiple linear regression
technique.

Result and discussion
The characteristic of study area

This study focused on 25 random sampling stations.
There are only seven stations where only shallow
groundwater (no tap water) was found as follows:
stations 3,4, 9, 12, 18 and 22, with station no. 25 being
the reservoir (Fig. 1).

The average of the shallow groundwater well depth
was 4.87 £ 3.14 m, ranging from 1.25 to 15.00 m.
The average groundwater level was 124.46 &+
14.81 m (msl), ranging from 83.00 to 143.30 m
(msl). The average pH of the shallow groundwater
was 5.23 £+ 1.15, ranging from 3.79 to 7.60, while tap
water was 7.24 + 0.73, ranging from 6.40 t0 9.67. The
average electric conductivity (EC) of the groundwater
was 171.8 £ 183.16 uS/cm, ranging from 25.40 to
790.00 pS/cm, while the tap water was 367.40 *
410.11 pS/cm, ranging from 22.20 to 1849.00 puS/cm.
The highest conductivity was at well no. 24, and the
lowest was at well no. 22 (Fig. 2b; Table 2). The
results showed that pH of the groundwater indicated
acidity, and all pH levels were lower than the tap
water, which were mostly normal or slightly alkaline.
Figure 2b, ¢ shows the pattern of the characteristics of
groundwater; pH and EC showed a similar pattern,
which is a relatively lower pH and higher EC in the
central area. On the other hand, they appeared to be a
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higher pH and lower EC in northeastern and south-
western parts of the area.

These results were similar to a study by Srithongdee
et al. (2010), which found that the pH values of the
shallow groundwater in this area ranged from 3.68 to
4.88. In addition, the result from Srithongdee et al.
(2010) reported that pesticides were not found in
shallow unconfined aquifer, while nitrate concentra-
tions were found to be negatively correlated with pH,
corresponding to the application of nitrate fertilizers in
this area for a long period. Likewise, Jeyaruba and
Thushyanthy (2009) found that the groundwater
appeared to be more acidic due to the fertilizer
application used in the agricultural area. In this study
area, NH4NOs-based fertilizers have been mostly
used, which leads to the groundwater becoming
slightly acidic because the ammonium nitrate in water
will produce hydronium ions (H;0™) and so lower pH
of the soil and groundwater.

NH4NO3 + HZO - NHI(aq) + NO;("‘Q)
+H,0()NH; + H,0 < NH; + H;0°

The characteristics of the participants

This study involved 100 participants, consisting of 58
people in the groundwater-drinking group and 42 people
in the non-groundwater-drinking groups. The partici-
pants comprised 28 males and 72 females. Their average
weight was 59.9 + 12.8 kg, ranging from 30.0 to
110.0 kg. Their average height was 157.6 & 7.31 cm,
ranging from 140.0 to 176.0 cm. The average age of the
participants, excluding children, was 45.8 £ 13.8,
ranging from 18 to 78 years of age. The USEPA normal
standard consumption rate of adults ranged from 1.5 to
2.0 L/day/person (USEPA 1980), but the locals in this
study area had a drinking intake rate that was twice as
high than the standard of 4.21 £ 2.73 L/day, with the
minimum and maximum drinking rate of 1.25 L/day
and up to 12.5 L/day, respectively. This research found
that the causes of health risks were that most were
agriculturalists (78%) who had long working hours
every day (average 10.02 £ 2.51 h/day; maximum was
14 h/day), implying intensive farm work in the sunshine
and in a hot climate. As a result, they consumed a large
amount of water while working, which was one of the
parameters in risk calculation (average daily dose,
ADD), which significantly affected the risk assessment
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Table 2 The locations, description of wells and chemical characteristics of the groundwater

St. Grid X GridY Altitude Well Water level Groundwater pH Tap water pH Groundwater Tap water
(m) depth (m) (m, msl.) conductivity  conductivity

1 480,108 1,703,084 133 4.00 129.00 4.65 7.52 53.0 1849.0

2 485,339 1,703,031 139 4.00 135.00 6.72 7.34 212.0 333.0

3 479,779 1,701,515 130 4.00 126.00 7.37 None® 358.5 None"

4 481,140 1,701,462 132 3.00 129.00 4.60 None* 223.0 None*

5 484,384 1,701,685 129 5.00 124.00 6.55 6.83 202.0 302.0

6 485,687 1,701,624 140 4.00 136.00 6.12 7.15 83.1 328.0

7 480,619 1,700,227 133 4.00 129.00 5.94 6.40 79.0 103.8

8 482,128 1,700,538 87 3.90 83.10 4.11 7.22 66.9 429.0

9 482,809 1,700,103 130 3.40 126.60 3.80 None” 108.1 None"

10 482,543 1,700,208 127 1.25 125.75 4.82 6.98 67.9 325.0

11 483,701 1,699,606 127 12.00 115.00 5.33 6.69 149.3 122.8

12 484,491 1,699,721 120 6.00 114.00 5.08 None* 58.1 None®

13 486,098 1,699,933 129 2.00 127.00 6.71 6.83 717.0 333.0

14 480,562 1,698,911 136 4.00 132.00 6.65 7.32 176.9 246.0

15 480,562 1,698,975 120 4.50 115.50 4.07 8.05 159.0 245.0

16 482,799 1,699,081 147 3.70 143.30 4.42 9.67 66.3 363.0

17 483,757 1,699,242 124 4.14 119.86 4.11 6.68 86.4 121.8

18 484,414 1,699,034 141 6.00 135.00 4.43 None® 183.8 None"

19 486,074 1,698,755 132 5.00 127.00 4.44 6.47 209.0 131.4

20 487,147 1,698,045 132 8.50 123.50 5.07 7.20 71.9 222

21 487,430 1,698,073 140 2.50 137.50 4.45 7.50 74.6 298.0

22 485,963 1,697,342 134 3.15 130.85 4.41 None” 259 None®

23 484,317 1,696,151 144 3.95 140.05 4.26 7.30 82.5 215.0

24 482,453 1,695,901 98 15.00 83.00 7.58 7.25 732.0 845.0

25 479,859 1,703,352 140 0.00 140.00 6.36 None" 48.2 None"

Avg. - - 129.76 4.87 124.46 5.28 7.24 171.8 367.4

? None: Tap water was not found

results. In Table 3, this study found a drinking intake
rate that was higher than in other studies and differed
from other countries, such as 1.5 L/day reported in
Canada  (Krishnan and Carrier 2008) and
1.8 £ 0.6 L/day reported in France (Marion et al.
2015). Similarly, according to our previous research in
2010 in the Ubon Ratchathani province in Thailand, we
found that average groundwater consumption was
relatively high at 3.6 £ 2.1 L/day/person for adults
and the drinking intake rate for the elderly was
2.6 &+ 1.0 L/day/person (Chotpantarat et al. 2014).
The interesting part of the study results identified the
determinant, which was the relatively high intake rate of
drinking water compared to participants in other studies.
Thus, this study can be used as a representative of risk of

low concentrations of heavy metals contaminating the
groundwater in tropical areas, where there should be
considerable concern. Moreover, the study used urine as
biomarkers to confirm the accumulation of heavy metals
in humans who had been consuming groundwater at low
concentrations.

The concentrations of heavy metals in drinking
groundwater and tap water

This study found two main drinking water sources:
groundwater and tap water. The average concentrations
of As in shallow groundwater were 1.584 + 0.031 and
0.109 £ 0.02 pg/L, 6.902 £ 0.08 pg/L, 0.05 £ 0.006
pg/L for Cd, Pb and Hg, respectively, whereas the
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Table 3 The characteristics of the participants

Characteristics of the participants (n = 100)

Sex Male 28%
Female 72%
Weight (kg) Avg. 599 £ 12.8 Range 30.0-110.0
Height (cm) Avg. 157.6 £ 7.31 Range 140.0-176.0
Age (years) Avg. 45.8 + 13.8 Range 18-78
Drinking rate (L) Avg. 421 £+ 2.73 Range 1.25-12.5
Drinking source Tap eater 33%
Groundwater 58%
Buying bottles (retail tap water) 9%
Drinking water container Closed storage 6%
Open-air storage 84%
Drinking water cleaning method Boiled 15%
Filtered 32%
None 53%
Bath water source Tap water 24%
Groundwater 76%
Washing water source Tap water 23%
Groundwater 77%
Cooking water source Tap water 24%
Groundwater 75%
Buying bottles (retail tap water) 1%
Education Median = primary school
Lower than primary school 2%
Primary school 62%
Secondary school 16%
High school/vocational certificate 14%
Diploma/high vocational certificate 2%
Bachelor or higher 4%
Occupation Median = agriculturalist
Student 1%
Officer 2%
Merchant 11%
Agriculturalist 78%
Unemployed 8%
Family occupation Median = agriculturalist
Merchant 7%
Agriculturalist 89%
Officer 4%
Family members (persons) Avg. 4 £2 Range 1-10
Work rate Work hours/day (h)
Avg. 10.02 £ 2.51 Range 4-14
Work days/week (day)
Avg. 6.65 + 0.83 Range 4-7
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Table 3 continued

Characteristics of the participants (n = 100)

Smoking behavior Smoking 26%
Avg. 7 &£ 7 units/day Range 2-13 units/day
Non-smoking 74%
Family smoking 45%
Family non-smoking 65%
Alcohol drinking behavior Alcohol drinking 25%

Median = 1 meal/week

Median = 1 bottle/meal/person

No-alcohol drinking 75%
Underlying diseases Yes 64%
No 36%
Pesticide use Yes 69%
Indoor/House Using 23%
Use for Agriculture 56%
Both 21%
Pesticide Using Sequence Median = 1 time/week
No 31%
Chemical fertilizer contact Yes 79%
Fertilizer using sequence Median = 1 time/month
No 21%
Washing hands before meals Always 89%
Sometimes 11%
Personal protective equipment use Bamboo/palm leaf hat 72%
Fabric mask 42%
Short rubber gloves 48%
Long rubber gloves 11%
Long-sleeved shirt 75%
Long pants 74%
Short rubber boots 48%
Long rubber boots 22%

average concentrations of As in tap water were
2.185 £ 0.033 and 0.002 £ 0.002 pg/L, 0.11 £+
0.003 pg/L and 0.022 £ 0.005 pg/L for Cd, Pb and
Hg in tap water, respectively (Table 4; Fig. 3). More-
over, there were four samples of shallow groundwater
in which concentrations of Pb higher than standard
were found, which were at stations 4, 8, 9 and 19
(Table 4; Fig. 3c). The concentrations of three heavy
metals (i.e., Cd, Pb and Hg) had a similar pattern, which
was of relatively high levels in the central area and
apparently lower levels in the surrounding areas, while
As showed a different distribution pattern, which were
fairly low in the central areas and appeared to be higher

in the southwestern part of the area, probably affecting
the pH of groundwater. Generally, As becomes highly
mobilized in high pH or alkaline groundwater and
becomes less mobilized in low pH or acidic ground-
water. The adsorption of As decreases as the pH
increases over the pH 6-9 range (USGS 2016).
Therefore, the stations that had a high pH had higher
concentrations of As compared to those with a low pH.
In addition, the pH was slightly elevated in the
groundwater due to the dissolution of carbonates and
silicates and from the cation exchange process, pro-
moting the release of As from iron and manganese
oxides into the groundwater (Bhattacharya et al. 2006;
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Table 4 The St. As (ng//L) Cd (pg//L) Pb (ug//L) Hg (ng//L)

concentrations of heavy

metals in shallow 1 0.259 + 0.017* 0.094 + 0.004 2.048 + 0.042 0.030 + 0.009

groundwater 2 1.368 + 0.009 0.082 + 0.002 0.363 + 0.019 0.022 + 0.009
3 1.591 + 0.096 0.076 + 0.002 0.003 + 0.015 0.031 + 0.008
4 0.811 + 0.045 0.181 + 0.005 19.290 + 0.230 0.000 + 0.000
5 1.166 + 0.055 0.105 + 0.003 0.069 + 0.010 0.000 + 0.000
6 1.051 + 0.037 0.075 + 0.002 0.133 + 0.003 0.000 + 0.000
7 5.753 + 0.081 0.092 + 0.001 0.122 £ 0.012 0.102 =+ 0.008
8 0.481 + 0.013 0.136 + 0.006 10.480 + 0.122 0.525 + 0.022
9 0.811 + 0.046 0.184 + 0.003 25.910 + 0.295 0.233 + 0.010
10 0.324 + 0.019 0.091 + 0.004 2.920 £ 0.085 0.040 + 0.012
11 1.336 + 0.013 0.082 + 0.000 0.194 + 0.023 0.000 £ 0.000
12 1.422 + 0.028 0.079 + 0.002 0.528 + 0.014 0.000 + 0.000
13 4.683 £ 0.032 0.079 £ 0.002 0.000 £ 0.000 0.005 £ 0.006
14 2.997 £ 0.057 0.073 + 0.001 0.000 = 0.000 0.000 + 0.000
15 0.322 + 0.007 0.171 + 0.002 6.959 + 0.079 0.042 + 0.012
16 0.503 + 0.010 0.160 % 0.005 7.370 £ 0.149 0.066 + 0.009
17 0.366 + 0.011 0.110 £ 0.001 9.897 £ 0.088 0.000 % 0.000
18 1.227 + 0.030 0.077 £ 0.001 0.268 + 0.028 0.000 + 0.000
19 1.795 + 0.042 0.237 + 0.007 72.240 + 0.643 0.000 + 0.000
20 0.356 + 0.009 0.116 + 0.002 5.814 £ 0.020 0.000 + 0.000
21 0.286 £ 0.012 0.089 = 0.001 1.561 & 0.007 0.114 + 0.007
2 0.267 £ 0.012 0.088 + 0.001 0.979 + 0.030 0.000 + 0.000
23 0.258 + 0.003 0.092 + 0.003 3.280 £ 0.058 0.013 % 0.009
24 9.081 + 0.073 0.079 + 0.001 2.054 £+ 0.018 0.026 + 0.010
25° 1.085 + 0.012 0.072 £ 0.001 0.072 %+ 0.007 0.011 % 0.005
Avg. £ SD 1.584 + 0.031 0.109 + 0.002 6.902 £ 0.080 0.050 + 0.006
Min 0.258 0.072 ND ND

* Average Max 9.081 0.237 72.240 0.525

concentration + SD Std. 10.00 5.000 10.000 1.000

® Station number 25 was DL 0.001 0.001 0.001 0.001

reservoir water

Smedley et al. 2002). Elementary As is fairly insoluble,
whereas arsenic compounds may readily dissolve. As is
generally present in groundwater systems as HAsO,*~
(aq) and H,AsO,  (aq) and most likely partially as
H3AsOy4 (aqg), AsO43_ (aq) or H,AsO5;™ (aq), as shown
in the following equation (Lenntech 2016):

As,;S3 + 6H,0 — 2H3AsO5 + 3H,S

In this study area, a slightly basic pH and a
relatively high As concentration were found, such as at
well no. 24 (pH 7.58 and As 9.081 pg As/L) compared
to well no. 23, where the water was found to be acidic
and had an As concentration that was 34 times lower
(pH 4.41, As 0.27 pg/L) (Table 5).
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Comparison between groundwater-drinking group
and non-groundwater-drinking group

Urine

As seen in Fig. 4 and Tables 6 and 7, this study found
that the average concentrations of all heavy metals in
urine from participants in the groundwater-drinking
group were higher than those in non-groundwater-
drinking group. In addition, the average of As in urine
from the participants in groundwater-drinking group
was also greater than the ACGIH standard of 35 pg/L
(the association advancing occupational and environ-
mental health). The average As concentration in the
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Fig. 3 a Concentration (pg/L) contour map of As in shallow
groundwater. b Concentration (nug/L) contour map of Cd in
shallow groundwater. ¢ Concentration (pg/L) contour map of Pb

urine of groundwater-drinking participants was
36.97 pg/L, ranging from 2.80 to 119.60 pg/L, while
the non-groundwater-drinking participants’ concen-
tration was 19.30 pg/L, ranging from 2.20 to
34.10 pg/L, since the major factor is the average
drinking rate of groundwater-drinking participants of
4.44 L/day, which is relatively higher than the other
group at 3.88 L/day. The average Cd concentration in
the urine of groundwater-drinking participants was
3.71 pg/g of creatinine, ranging from 0.30 to 8.66 pg/
g of creatinine (the standard of Cd in the urine was
4 pgl/g of creatinine), while the non-groundwater-
drinking participants was 2.38 ng/g of creatinine,
ranging from 0.64 to 4.22 pg/g of creatinine. The
average concentration of Pb in the wurine of

in shallow groundwater. d Concentration (pg/L) contour map of
Hg in shallow groundwater

groundwater-drinking participants was 21.14 pg/g of
creatinine, ranging from 4.99 to 58.82 ng/g of crea-
tinine (the standard of Pb in urine was 50 pg/g of
creatinine), while the average was 19.87 pg/g of
creatinine, ranging from 6.25 to 45.45 ng/g of crea-
tinine for non-groundwater-drinking participants. The
average concentration of Hg in the urine of ground-
water-drinking participants was 2.73 pg/g of crea-
tinine, ranging from 0.35 to 9.26 pg/g of creatinine
(the standard of Hg in urine was 5 pg/g of creatinine),
while the average concentration of non-groundwater-
drinking participants was 2.16 ng/g of creatinine,
ranging from 0.46 to 5.25 pg/g of creatinine. The urine
results of Cd, Hg and Pb were standardized to the
creatinine level in the urine because these heavy
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Table S The

; St As (pg/L) Cd (pg/L) Pb (ug/L) Hg (ug/L)
concentrations of heavy
metals in tap water 1 4.306 £ 0.048" 0.076 + 0.002 ND ND
2 2.216 £ 0.068 0.102 £ 0.002 0.006 = 0.004 ND
5 1.428 £ 0.025 0.106 £ 0.007 0.049 + 0.028 ND
6 2.102 + 0.029 0.090 £ 0.001 ND 0.005 + 0.006
7 1.113 £ 0.034 0.096 £ 0.002 ND ND
8 2.527 £ 0.052 0.073 £ 0.001 ND 0.027 £ 0.017
10 1.574 £ 0.032 0.074 £ 0.002 ND ND
11 2.769 £ 0.028 0.082 £ 0.004 ND ND
13 1.488 £ 0.031 0.085 £ 0.001 ND ND
14 3.137 £ 0.020 0.078 £ 0.001 ND 0.025 + 0.009
15 3.307 £ 0.031 0.074 £ 0.000 0.142 + 0.024 0.000 £ 0.000
16 1.979 £ 0.027 0.073 £ 0.001 ND 0.006 + 0.009
17 2.832 + 0.059 0.078 £ 0.003 ND ND
19 1.823 + 0.035 0.081 £ 0.002 ND ND
20 0.443 £ 0.003 0.094 £ 0.003 ND 0.024 £ 0.012
21 1.715 £ 0.016 0.077 £ 0.002 ND 0.193 £ 0.012
23 2.120 £ 0.043 0.076 £ 0.001 ND 0.060 £ 0.016
4 Average 24 2.454 + 0.006 0.075 £ 0.002 ND 0.058 + 0.007
concentration & SD Avg. £ SD 2.185 £ 0.033 0.002 £ 0.002 0.011 £ 0.003 0.022 £ 0.005
° Station numbers 3, 4, 9, Min 0.443 0.073 ND ND
12, 18, and 22 do not have Max 4306 0.106 0.142 0.193
tap water
2 :2 N Do ST ot a1, 2000; Nermell et al. 2008). Carlos et al. (2014)
g G Urine of Non- found that chronic exposure to inorganic As and high
Eﬂ 301 g:g‘:gdwater Drinking urinary As levels had been linked to an increased
25 21.14 creatinine concentration in urine. Furthermore, the
é 20 urine results found that 30 of the 58 participants in the
g 151 groundwater-drinking group had As in their urine at a
S 10l higher level than the standard (51.72%), and 26, two
‘3) 5 371, 4 2735 16 and nine participants had higher than standard levels
z . : - o N for Cd (44.83%), Pb (3.45%) and Hg (15.52%). On the
As Cd Pb Hg other hand, only three participants in the non-ground-

Fig. 4 Heavy metals in the urine of 100 participants, in which
58 were groundwater-drinking participants and 42 were non-
groundwater-drinking participants

metals cause adverse effects on the kidney (Gil et al.
2011; Li et al. 2011; Ivanenko et al. 2013), while
creatinine is not a suitable correction factor for As in
the urine, and so, the As level was, in contrast, reported
as ug As/L urine. However, many studies did not use
creatinine as a correction factor anymore because of
the effect from the hydration status and variable
protein intake (Jooste and Strydom 2010; Knudsen
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water-drinking group had Cd levels higher than the
standard (7.14%) and only one participant for Hg
(2.38%), as shown in Fig. 4.

The Mann—Whitney U test comparison results
found a statistically significant difference between
As and Cd in the urine of these two groups (p < 0.05,
p = 0.002), indicating that the source of As and Cd in
the urine mainly come from the As- and Cd- contam-
inated drinking groundwater. Although there was no
such difference for Pb and Hg, the results of the
groundwater-drinking group seemed to be higher than
those of the non-groundwater-drinking group, refer-
ring that these two metals may be contributed from
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Table 6 Heavy metals in the urine of participants in the groundwater-drinking group at each station

St. Heavy metals in the urine of groundwater-drinking participants

Number of Avg.As (ng/L) Avg.Cd (pg/g Avg.Pb (ng/g of Avg.Hg (ng/g

participants of creatinine) creatinine) of creatinine)

(persons)
Well 3 3 45.53 £+ 11.55% 1.03 £+ 0.64 13.24 £ 3.55 0.99 £+ 0.20
Well 4 1 25.60 £+ 0.00 8.66 £+ 0.00 38.98 £+ 0.00 2.46 £+ 0.00
Well 7 5 52.98 + 24.44 3.06 £ 2.37 1521 £9.37 1.92 £ 1.85
Well 8 5 5.50 £ 17.47 583 £ 197 24.60 £ 6.15 8.67 £ 1.79
Well 9 4 13.90 & 6.52 6.49 £ 1.48 3091 £+ 6.78 3.60 £ 1.10
Well 11 4 36.70 &+ 1.41 1.55 + 1.27 1422 + 5.36 1.03 + 191
Well 12 5 38.50 £+ 2.16 3.61 £ 0.68 20.09 + 3.54 0.59 + 1.24
Well 13 4 48.90 + 12.53 1.34 £ 0.72 14.81 &+ 3.18 492 +1.55
Well 14 4 47.90 £ 6.22 0.85 &+ 0.63 13.19 4+ 241 3.31 £ 0.67
Well 15 4 15.50 & 8.34 5.28 £ 0.90 21.88 + 6.95 0.88 + 1.03
Well 16 4 26.70 + 9.44 5.79 £ 0.63 20.63 &+ 3.76 1.90 £ 0.86
Well 18 1 19.70 £+ 0.00 3.42 £ 0.00 18.50 £+ 0.00 5.62 £ 0.00
Well 19 2 2.80 £ 5.44 577 £ 0.84 53.23 £ 3.95 9.26 £ 235
Well 20 1 2.80 &+ 0.00 6.53 £+ 0.00 25.81 + 0.00 1.72 £+ 0.00
Well 21 1 21.60 £ 0.00 4.69 £+ 0.00 25.15 + 0.00 1.13 + 0.00
Well 22 3 12.20 4+ 3.23 7.49 £+ 1.80 23.08 &+ 6.81 1.11 £ 0.95
Well 23 2 29.90 £+ 6.43 6.14 £ 1.48 33.59 £ 7.51 1.29 £+ 0.48
Well 24 5 80.90 £ 19.96 271 £ 1.94 1527 £ 4.56 338 £ 1.01
Avg. 36.89 3.71 21.14 273
Median 36.40 3.52 20.05 2.10
Min-max 2.80-119.60 0.30-8.66 4.99-58.82 0.35-9.26
Std. 35 4 50 5

# Average concentration £ SD (calculated from three repetitions at the point of analysis)

many sources such as water sources, seafood con-
sumption, smoking behavior, and use of pesticides,
etc. (Blaurock-Busch et al. 2011).

There were seven stations that caused average As
concentrations in the urine of groundwater-drinking
group to be higher than the standard (35 pg/g of
creatinine) at well as at stations 3, 7, 11-14 and 24,
with a range from 36.70 to 80.90 pg/L (see Tables 6,
7). For Cd concentration in the urine of the ground-
water-drinking group, there were 10 stations at which
the average Cd concentration was greater than the
standard (4 pg/g of creatinine) at well nos. 4, 8, 9, 15,
16 and 19-23, with a range from 4.69 to 8.66 pg/g of
creatinine (see Tables 6, 7). There was only one
station at well no. 19 that showed an average Pb
concentration of 53.23 pg/g of creatinine that was

higher than the standard (50 pg/g of creatinine).
Furthermore, there were three stations that found an
average Hg concentration in the urine of groundwater-
drinking group that was larger than the standard (5 pg/
g of creatinine) at well nos. 8, 18 and 19, with a range
from 5.62 to 9.26 pg/g of creatinine (Tables 6, 7).
Figure 5 shows the distribution of concentrations of
heavy metals in the urine of the groundwater-drinking
group that conformed to those found in shallow
groundwater, while Fig. 6 shows the distribution of
concentrations of heavy metals in the urine of the non-
groundwater-drinking group.

The groundwater-drinking participants at the well
stations were located at the center of the study area and
mostly found Cd, Pb and Hg in the urine that was
higher than those of non-groundwater-drinking
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Table 7 Heavy metals in the urine of participants in the non-groundwater-drinking group at each station

St. Heavy metals in the urine of non-groundwater-drinking participants

Number of Avg.As (ug/L) Avg.Cd Avg.Pb Avg.Hg

participants

(persons)
Well 1 4 13.88 &+ 13.56 1.34 + 0.62 13.97 £ 4.24 1.14 + 0.84
Well 2 4 29.10 + 5.32 2.37 £ 045 19.21 4+ 1.81 0.98 + 1.19
Well 4 3 16.80 + 1.06 2.59 +£ 097 1592 + 4.38 241 £ 1.61
Well 5 4 16.00 + 1.76 3.51 £ 0.60 18.06 £ 2.51 265 £ 1.18
Well 6 4 22.30 + 3.97 2.79 +£0.32 16.36 & 13.75 0.94 + 1.79
Well 9 1 30.20 £+ 0.00 2.85 + 0.00 21.55 £ 0.00 2.36 £+ 0.00
Well 10 4 20.60 + 11.01 2.59 + 0.90 30.36 + 7.82 2.61 £ 0.57
Well 11 1 30.80 £ 0.00 2.37 £ 0.00 26.36 + 0.00 1.22 4+ 0.00
Well 17 4 15.10 &+ 6.98 1.48 + 1.59 10.15 &+ 13.10 0.80 &+ 1.32
Well 18 2 17.10 £ 9.05 3.54 £ 1.60 39.13 £+ 12.87 2.85 £ 0.95
Well 19 2 29.70 + 0.35 2.27 £ 0.40 25.00 £+ 7.04 0.88 & 0.30
Well 20 2 5.00 + 2.97 422 £ 045 18.84 £ 1.33 3.04 £ 1.56
Well 21 3 18.20 £+ 2.36 2.00 £+ 0.83 2222 £ 16.55 4.55 + 2.00
Well 22 2 25.60 + 0.14 4.15 + 1.00 24.20 &+ 4.90 1.17 £ 0.13
Well 23 2 12.50 & 12.66 1.72 & 0.42 18.28 £+ 12.21 1.23 £ 0.28
Avg. 19.30 2.38 19.87 2.16
Median 18.20 2.42 18.18 1.97
Min-max 2.20-34.10 0.64-4.22 6.25-45.45 0.46-5.25
SD 35 4 50 5

% Average concentration £ SD (calculated from three repetitions at the point of analysis)

participants, corresponding to the distributions of Cd,
Pb and Hg concentrations in the groundwater that was
higher in the central area than in the surrounding areas.
On the other hand, the concentration of As ground-
water in the northeastern and southwestern parts of the
study area was relatively higher than those in the
central area, conforming to the distribution of As in the
urine of groundwater-drinking participants (see
Figs. 3, 5).

In general, As has high mobility in shallow aquifer,
depending on the oxidation-reduction potential (ORP)
where high oxygen levels in shallow groundwater
affect high dissolution levels in water. Arsenic adsorbs
onto the surfaces of aquifer media, including iron
oxides. Then, the oxidation reduction between arsen-
ate and iron-oxide surfaces is very crucial since iron
oxides are common in the subsurface environment as
coatings on other solids, and the desorption of arsenate
from iron-oxide surfaces becomes higher as pH values
become alkaline (USGS 2016). As a result, the well
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sites where high As concentrations in the water were
found also found high As in the urine of the
participants. A few stations did not find an obvious
difference between the heavy metals in the urine of the
groundwater-drinking participants and non-ground-
water-drinking participant because groundwater is not
only one source of heavy metals accumulated in
human body, but also other associated factors such as
body weight, smoking, sex and using PPE.

Health risk assessment

All heavy metals (As, Cd, Pb and Hg) found in the
groundwater-drinking group had higher non-carcino-
genic risk (HQ) than those in the non-groundwater-
drinking group. To compare the health risk assess-
ment between groundwater-drinking participants and
non-groundwater-drinking participants, the Mann—
Whitney U test (two-tailed) showed the significant
difference of Pb non-carcinogenic risk (p < 0.05,
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Fig. 5 a Contour map of the As concentration in the urine of
groundwater-drinking participants. b Contour map of the Cd
concentration in the urine of groundwater-drinking participants.

p = 0.000) and Hg non-carcinogenic risk (p < 0.05,
p = 0.013) between these two participants, while the
As cancer risk, As non-carcinogenic risk and Cd non-
carcinogenic risk did not show a statistically signif-
icant difference (p > 0.05, p = 0.645,p = 0.511 and
p = 0.453, respectively). Although their risks were
not significantly different, the results of the ground-
water-drinking group were still higher than those of
the non-groundwater-drinking group, even for low
cancer risk or HQ. In the groundwater-drinking group
risk assessment associated with As, 24.14% of the
participants had a carcinogenic risk and 27.59% had
non-carcinogenic risks and may see adverse health
effects from  As-contaminated  groundwater.

c¢ Contour map of the Pb concentration in the urine of
groundwater-drinking participants. d Contour map of the Hg
concentration in the urine of groundwater-drinking participants

Moreover, in the results of the Pb risk assessment,
13.79% of the participants had a non-carcinogenic
risk. For the risk assessment of the non-groundwater-
drinking group, carcinogenic risk from As was seen in
only 11.90% of participants, and only 9.52% had non-
carcinogenic risks. Although the non-groundwater-
drinking participants did not see adverse health
effects from the groundwater, they may be affected
by other factors involving accidental exposure (locals
unintentionally exposed or unaware of exposure to
heavy metals). Similarly, Soma and Abhay (2015)
found that the largest chronic risk was contributed by
As from the drinking water pathway. Locals can also
accumulate toxic metals in their bodies via three
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Fig. 6 a Contour map of the As concentration in the urine of
non-groundwater-drinking participants. b Contour map of the
Cd concentration in the urine of non-groundwater-drinking
participants. ¢ Contour map of the Pb concentration in the urine

exposure pathways: ingestion via the mouth, inhala-
tion via breathing and dermal contact via the skin. For
the groundwater-drinking participants, the most
important route was ingestion because the locals
believe that groundwater tastes good and contains
beneficial minerals since their ancestors had long
drunk groundwater in the field.

For non-groundwater-drinking participants, the
most important route in this study is dermal because
most locals used groundwater for washing and clean-
ing, not for drinking. Moreover, they are generally
exposed to agricultural chemicals without proper PPE
and most directly touch such chemicals with their
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of non-groundwater-drinking participants. d Contour map of the
Hg concentration in the urine of non-groundwater-drinking
participants

hands without gloves due to comfort in the tropical
weather.

The human health risk assessment associated with
As contaminating the drinking water of groundwater-
drinking participants found that the average cancer
risk was 8.07E—07, ranging from 7.92E—10 to
8.07E—06 (see Fig. 7a; Table 8), while the non-
groundwater-drinking participants revealed that the
average cancer risk was 3.45E—07, ranging from
2.77TE—16 to 1.54E—06 (see Fig. 7a; Table 9).

For the non-carcinogenic risk, the HQ of As
contaminating the drinking water for the groundwa-
ter-drinking participants was 0.93, ranging from 0.00
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Fig. 7 The comparison of HQ and cancer risk of heavy metals
in groundwater-drinking participants and non-groundwater-
drinking participants; a Cancer risk of As. b HQ of As non-

to 8.65 (see Fig. 7b; Table 8), compared to 0.47,
ranging from 0.00 to 4.51 for the non-groundwater
drinking participants (see Fig. 7b; Table 9). For Cd-
contaminated drinking water, the average HQ was
0.0007, ranging from 0.0001 to 0.0028 in the ground-
water-drinking participants (see Fig. 7c; Table 8),
compared to 0.0005, ranging from 0.0000 to 0.0022
in the non-groundwater-drinking participants (see
Fig. 7c; Table 9). For Pb-contaminated drinking
water, the average HQ was 1.318, ranging from 0.00
to 25.67 for the groundwater-drinking participants
(see Fig. 7d; Table 8), compared to 0.00002, ranging
from 0.0000 to 0.0005 for the non-groundwater-
drinking participants (see Fig. 7d; Table 9). Finally,
for Hg-contaminated drinking water, the average HQ
was 0.0029, ranging from 0.000 to 0.057 for the

carcinogenic risk. ¢ HQ of Cd non-carcinogenic risk. d HQ of Pb
non-carcinogenic risk. e HQ of Hg non-carcinogenic risk

groundwater-drinking  participants (see Fig. 7e;
Table 8), and 0.0002, ranging from 0.000 to 0.002
for the non-groundwater-drinking participants, as
shown in Fig. 7e and Table 9. The main reasons for
concomitantly affecting the risk level are much
different between groundwater-drinking participants
and non-groundwater-drinking participant: the con-
centration of heavy metals in the drinking water and
intake amounts of drinking water consumption.
Therefore, the participants who drink groundwater
generally have a higher risk than those who drink tap
water.

The HQ of the As risk in groundwater-drinking
participants was higher than the acceptable level
(HQ < 1) at well nos. 7, 13, 14 and 24, with HQs of
2.172, 2.148, 1.447 and 5.149, respectively. The
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Table 8 Health risk assessment associated with heavy metals of groundwater-drinking participants at each well

Station Average risk assessment of groundwater-drinking participants

As cancer risk As-HQ Cd-HQ Pb-HQ Hg-HQ
Well 3 2.43E-07 0.275 0.0004 8.38E—08 1.04E—-04
Well 4 2.06E—08 0.033 0.0010 1.62E+00 5.07E—10
Well 7 2.14E-06 2.172 0.0003 8.37E—05 6.83E—04
Well 8 1.64E—08 0.024 0.0012 9.77E—01 2.86E—02
Well 9 5.14E—-08 0.056 0.0017 4.93E400 4.65E—03
Well 11 1.02E—07 0.117 0.0003 2.12E-04 6.57E—10
Well 12 1.54E—-07 0.166 0.0003 1.96E—03 8.22E—10
Well 13 1.62E—06 2.148 0.0004 8.39E—11 2.45E-06
Well 14 1.15E—-06 1.447 0.0005 1.38E—10 1.61E—09
Well 15 4.92E—-09 0.006 0.0010 2.40E—01 1.02E—04
Well 16 7.85E—09 0.014 0.0009 2.65E—01 2.48E—04
Well 18 1.02E—07 0.153 0.0004 6.24E—04 1.01E—09
Well 19 1.51E—-07 0.171 0.0018 2.38E4-01 5.32E-10
Well 20 9.57E—09 0.012 0.0007 2.64E—01 9.13E-10
Well 21 1.52E—08 0.022 0.0013 5.52E-02 3.44E-03
Well 22 2.07E—-09 0.004 0.0002 4.10E-03 4.99E—-10
Well 23 5.03E—-09 0.004 0.0003 6.23E—-02 1.14E—05
Well 24 4.47E—-06 5.149 0.0002 2.26E—-02 4.22E-05
Avg. =+ SD 8.07E—07 £+ 1.56E—06 0.93 + 1.67 0.0007 £ 0.0006 1.3180 £ 4.5212 0.00002 £ 0.00008
Min 7.92E—10 0.00 0.0001 0.0000 0.00000
Max 8.07E—06 8.65 0.0028 25.6711 0.00047

cancer risk of As is at a higher than acceptable level:
2.14E—06, 1.62E—06, 1.15E—06 and 4.47E—06 for
well nos. 7, 13, 14 and 24 (cancer risk >1 x 107°
meant concern risk, cancer risk <1 x 10~° meant
acceptable level). Similarly, the HQ of Pb from
groundwater-drinking participants found three sta-
tions had higher than the acceptable levels: well nos. 4,
9, and 19, with HQs of 1.62, 493 and 23.80,
respectively, as shown in Tables 8 and 9 and Figs. 8
and 9. As-contaminated water that caused adverse
health effects in humans has been found in Thailand
and in different countries around the world. For
example, Muhammad et al. (2009) reported that in
Southeast Asia, more than 100 million people were
estimated to be at risk from As-contaminated ground-
water and that 700,000 people were affected by As-
related diseases. Research in the Baja Peninsula of
Mexico reported that urinary samples contained a total
arsenic concentration (sum of arsenical species) that
ranged from 1.3 to 398.7 pug/L. These areas had
reported As measurements in drinking water above the

@ Springer

national standard (25 ng As/mL) and that 40.5% of the
wells contain 0.35-10 ng As/L, 21.5% contain
10.1-25 pg As/L, 31% contain 25.1-200 ng As/L,
and 7% contain 200.1-2270 pg As/L. They showed
that the risk from drinking water was seen at an intake
rate of 1.6 L/day, which contains a level of 2.5 pg/L or
1 in 1000 persons, and 50 pg/L (1.6 L/day) being 21 in
1000 persons (Carlos et al. 2014).

Interestingly, for the overall risk of 100 participants,
the average hazard index (HI) was calculated, and the
results found that average HI of 100 participants was
higher than the acceptable level. The HI of the 100
participants ranged from 0.00 to 25.86 with an average
of 1.51 + 3.63, revealing that 28 people appeared to
have non-carcinogenic risk. To compare the two groups
of participants, the HI of the groundwater-drinking
participants showed that 24 people had non-carcino-
genic risk, with an average HI being higher than the
acceptable level at 2.25 £ 4.59 (ranging from 0.01 to
25.86), while the HI of the non-groundwater-drinking
participants showed that only four people had non-
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Table 9 Health risk assessment of non-groundwater-drinking participants at each study point

Station Average risk assessment of non-groundwater-drinking participants

As-cancer risk As-HQ Cd-HQ Pb-HQ Hg-HQ
Well 1 1.17E—06 2.09 6.51E—04 0.000 0.000
Well 2 2.93E-07 0.29 6.15E—04 0.000 0.000
Well 4 7.75E—16 0.00 9.68E—10 0.000 0.000
Well 5 1.88E—07 0.18 1.01E-03 0.000 0.000
Well 6 3.25E-07 0.41 7.58E—04 0.000 0.000
Well 9 5.70E—16 0.00 7.07E—10 0.000 0.000
Well 10 1.50E—07 0.10 2.17E—-04 0.000 0.000
Well 11 1.12E—-06 0.65 5.68E—04 0.000 0.000
Well 17 7.02E—-07 0.98 7.46E—04 0.000 0.000
Well 18 5.64E—16 0.00 1.22E—09 0.000 0.000
Well 19 1.34E—07 0.23 4.50E—04 0.000 0.000
Well 20 2.14E—-08 0.03 1.23E-03 0.000 0.000
Well 21 3.57E-07 0.18 3.69E—04 0.000 0.000
Well 22 1.25E—-07 0.45 5. 77E—-04 0.000 0.000
Well 23 1.35E—-07 0.38 3.55E—-04 0.000 0.000
Avg. = SD 3.45E—-07 &+ 4.21E-07 0.47 &+ 0.80 0.0005 £ 0.0005 0.00002 £ 0.00008 0.0002 £ 0.0006
Min 2.T7TE—16 0.00 0.0000 0.00000 0.0000
Max 1.54E—06 451 0.0022 0.00047 0.0033

carcinogenic risk of five times lower than the average
HI of 0.47 £ 0.80 (ranging from 0.00 to 4.51).

The statistical analysis: Kendall and Spearman
correlation tests

The correlations between the concentrations of these
four heavy metals in the groundwater and the average
heavy metals in the urine of the participants who drink
groundwater from each shallow groundwater well are
shown in Fig. 10. The * of the correlation between the
As groundwater and As urine was 0.7426, and 0.473,
0.7847, 0.7231, for Cd, Pb and Hg, respectively. The
results showed that As in the urine of the groundwater-
drinking participants was significantly correlated with
As concentrations in drinking groundwater at the 0.05
level (see Fig. 10; Tables SI.7-SI.14). Moreover, the
As concentration in the groundwater was significantly
correlated with the As cancer risk and As non-
carcinogenic risk also at the 0.05 level, while the As
urine of non-groundwater-drinking participants was
not significantly correlated. This relationship between
As urine and As concentrations in groundwater was
supported by a study from Normandin et al. (2014),

who investigated the As concentration in the urine of
participants in a rural region in Canada and found a
significant relationship between biomarkers and As in
drinking water intake (As in the groundwater ranged
from 0.02 to 140 pg/L).

For Cd in the urine of groundwater-drinking
participants, the 0.01 level significantly correlated
with Cd in the groundwater and the 0.05 level was
significant with non-carcinogenic risk, while Cd in the
urine of non-groundwater-drinking participants was
not significantly correlated at the 0.05 level. Similarly,
Pb in the urine of groundwater-drinking participants
was significantly correlated at the 0.01 level with Pb
concentration in both the groundwater and non-
carcinogenic risk, while Pb in the urine of the non-
groundwater-drinking participants was not signifi-
cantly correlated. In addition, Hg in the urine of the
groundwater-drinking participants had a 0.01 level
that was significantly correlated with Hg non-carcino-
genic risk, while Hg in the urine of non-groundwater-
drinking participants was not significantly correlated.
The correlation results showed that groundwater and
biomarkers have a strong correlation, indicating that
groundwater contamination results in the bio-
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Fig. 8 a Non-carcinogenic risk map of arsenic (As) in
groundwater-drinking participants. b Non-carcinogenic risk
map of cadmium (Cd) in groundwater-drinking participants.

accumulation of heavy metals in human. Moreover,
there were no correlations between heavy metals and
biomarkers in the non-groundwater-drinking group,
supporting the fact that the groundwater considerably
affected the locals who consumed it. According to a
study in the USA regarding the effect of As in
populations exposed to As in water and the diet, they
found that 76% of total As in the urine was affected by
drinking groundwater (Steven et al. 2012). Similarly, a
study on urinary heavy metal levels and the relevant
factors among exposed people reported that urinary
heavy metal levels were related to the human health
risk (Hongmei et al. 2011). The relationship between
heavy metals in the urine and the drinking water in the
population of West Bengal showed linear regressions
with very good correlations between As concentra-
tions in the water (ranging from 0.01 to 0.25 mg/L)
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¢ Non-carcinogenic risk map of lead (Pb) in groundwater-
drinking participants. d Non-carcinogenic risk map of mercury
(Hg) in groundwater-drinking participants

and urine. This study in India found a moderately high
concentration of As in the urine, approximately 83 and
68% of the urine samples (n = 250) containing As
above 100 and 200 pg/L, respectively (Tarit 2010).

The associated factors related to heavy metals in urine

The associated factors affecting the concentrations of
heavy metals in the urine were investigated using a
multiple linear regression analysis. The outputs of As
concentrations in the urine showed that the associated
factors were water drinking sources (groundwater or
tap water) and body weight (p < 0.05), confirming the
findings as mentioned in the previous section that As
in the urine of groundwater-drinking participants was
significantly correlated with As concentrations in
groundwater. The other factors that may affect As in
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the urine were seafood. Consequently, As concentra- 0.05 level. Aylward et al. (2014) reported that urinary
tions in urine were significantly correlated with As dimethylarsinic acid (DMA) and monomethylarsonic
cancer risk and As non-carcinogenic risk also at the acid (MMA) were commonly used as biomarkers for
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inorganic arsenic (iAs) exposure but may also arise
from seafood consumption. The National Health and
Nutrition Examination Survey (NHANES) assessed
potential correlations among urinary DMA, MMA and
arsenobetaine (organic arsenic species) and reported
that urinary DMA and MMA were positively associ-
ated with urinary arsenobetaine, suggesting these
levels had directly resulted from seafood consumption
(Aylward et al. 2014). Based on the face-to-face
interviews in this study, none of participants had been
exposed to seafood. However, they may have acci-
dentally been exposed via instant food or conventional
food without realizing it.

For Cd in the urine of all participants, the results
showed that the associated factors were the body
weight of the participants and their smoking behavior
(smoking or non-smoking) (p < 0.05, p = 0.022 and
0.011, respectively). In addition, the statistical results
showed that the associated factors related to Pb were
sex (male and female) and the use of personal
protective equipment by participants (p < 0.05,
p = 0.001 and 0.027, respectively). This study used
a cut point at four pieces, which is half of the amount
of total PPE generally using eight pieces. The
associated factors related to Hg in the urine of all
participants were sex (male and female) and the use of
personal protective equipment by the participants
(p < 0.05, p = 0.048 and 0.009, respectively). From
these results, the As in groundwater was significantly
correlated with As in the urine, confirming that As in
humans was caused by the arsenic-contaminated
drinking groundwater. This finding is in line with the
study in West Bengal, India (Tarit 2010). The research
study on As contamination in groundwater and the
health effects from As poisoning found linear regres-
sions with very good correlations between As con-
centrations in groundwater and As in urine. Likewise,
Gautam et al. (2004) reported that drinking water and
food were the primary sources of environmental
exposure in a study about biological and behavioral
factors of biomarkers for As exposure in a US
population. They reported that the concentrations of
As in the environment had affected the concentrations
of As in the urine, mainly depending on the direct
consumption of water (Rebecca et al. 2013). Similarly,
a study about urinary levels of As and heavy metals in
children and adolescents living in the industrialized
area in Ria of Huelva, Spain, reported that the effects
of associated factors of the increase of heavy metal
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levels in urine were age, sex, area of residence and
frequency of intake (Aguilera et al. 2010).

Conclusion

This research studied 58 groundwater-drinking partic-
ipants and 42 non-groundwater-drinking participants.
Their average drinking intake rate was twice that of the
standard at4.21 £ 2.73 L/day. First, as per the drinking
groundwater investigation, there were four samples of
shallow groundwater in which Pb concentrations were
found to be higher than the standard level at well nos. 4,
8,9and 19. Second, all risk assessment results found that
all heavy metals in groundwater-drinking participants
caused a higher risk than in non-groundwater-drinking
participants. In the groundwater-drinking group risk
assessment associated with As, 24.14% of participants
were found to have a carcinogenic risk, and 27.59% had
a non-carcinogenic risk and may see adverse health
effects from As-contaminated groundwater. Similarly,
the urine results showed that 30 of the 58 participants in
the groundwater-drinking group had As in the urine that
was higher than the standard, as well as 26, 2 and 9
participants for Cd, Pb and Hg, respectively. Third, the
urine results showed that As in groundwater-drinking
participants had significantly correlated with As cancer
risk, As non-carcinogenic risk, and arsenic concentra-
tion in drinking groundwater at the 0.01 level. The Cd
and Pb in urine of groundwater-drinking participants
were significantly correlated with Cd and Pb in
groundwater and their non-carcinogenic risk, while Hg
in urine was significantly correlated with Hg non-
carcinogenic risk. Finally, this study concluded that the
associated factors related to heavy metal exposure were
the water source, weight, body weight, smoking behav-
ior, sex and using PPE.

This study could serve as a database for using urine
as biomarker even at low concentrations of heavy
metal contamination in sites such as agricultural areas.
The results could serve as an informative database for
groundwater drinking standards, especially for tropi-
cal zones or agricultural countries that were affected
by high water intake rates. Furthermore, there is a
greater need for risk awareness and communication
with locals who live in farming area and use ground-
water as a main water supply or with the village head
about risks from heavy metal contamination in the
groundwater, even at low concentrations.
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