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ABSTRACT

Arsenic (As) and lead (Pb) contamination in groundwater is an important
public health concern. This study is aimed at i) investigating As speciation and Pb levels
between the dry season (March 2019) and the wet season (August 2019) and includes
the spatial distribution in groundwater for the purpose of ii) determining the association
between the two metals and the hydrochemical parameters. iii) The presence of heavy
metals in the urine of 110 participants was evaluated by comparing those persons who
had consumed groundwater from a well with As below 10 pg/L (L group) with those
who had consumed water with levels above 10 pg/L (H group). Information from face-
to-face interviewing was used to explain the factors relevant to iv) a health risk
assessment of these participants. This assessment consisted of two methods, namely,
a deterministic of the As species and a probabilistic of As and Pb.

The As level in the Ban Khai district area ranged from <0.300 to 183.00
ug/L, accounting for 22% of forty eroundwater wells, which is above the guideline
value of 10 pg/L set by the WHO. The predominant species showed a pentavalent

form that had been influenced by oxidation conditions and pH level (6 to 8).
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Meanwhile, the Pb concentration in the whole area was found to be below the WHO
guideline of 10 pg/L. However, the spatial distribution of the two metals was not
different in the two seasons. The As case can be explained by the effect of the
groundwater flow that spent time mobilizing, while the Pb case can be described by
its concentration and behavior. The primary sources of As and Pb may have originated
from the weathering of minerals; while in some hot-spot wells, the presence of As
might have been the result of anthropogenic activities in the nearby area.

Nearly 98% of the samples showed that the presence of Pb in the urine
was within the normal level of 60 pg/eCr, as established by the National Institute of
Occupational Safety and Health. While the As level in the urine ranged from 5.38 to
600.86 pg/L, the levels in approximately one-third of the samples exceeded the
normal level of 50 pg/L that had been set by the National Health and Nutrition
Examination Survey. The groundwater consumption from the well which had high
levels of As was strongly related to the As levels in the urine of participants in the H
group. Meanwhile, the socio-demographic factors of these residents had no association
with differences in UAs levels between the L and H groups. The health risk assessment
of As species showed that the area had the predominant forms of HAsO,? and H,AsO4
, followed by HzAsOs, respectively. For probabilistic risks, drinking water was a major
route for both non-cancer and cancer risks. The sensitivity analysis reported that As
concentration had the highest impact on changes to the health risk value. Therefore,
the local residents who had high UAs level should primarily monitor their health effects
to protect against any long-term health consequences, especially cancer
development. Meanwhile, an alternative source of water and an effective household
treatment, in particular, was recommended, along with a specific method for

decreasing As®* levels prior to drinking.

Keywords: Groundwater contamination, As speciation, Health risk assessment,

Bioindicator, Monte Carlo simulation
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CHAPTER 1
INTRODUCTION

1.1 Problem Statement

Heavy metal contaminants, particularly arsenic (As) and lead (Pb), in the
groundwater have been considered to be an important issue in several studies'”. Man-
made products make up one of the important uses of metals in activities such as
industry, agriculture and mining, and these products are commonly used in daily life.
Materials making up these products often consist of chemicals, especially, heavy
metals, which are used in manufacturing processes. Improper waste management can
release pollutants into the environment. Furthermore, these metals can be weathered
out from the parent materials, in both rock and mineral forms®. Since heavy metals
are hard to decompose and are stable in the environment, various factors, such as
seasonal variations, hydrology and topography, influence their concentration and
mobility’. Hence, environmental factors and transport are considered in order to
understand their behavior and speciation in groundwater”®’.

Ban Khai District is located in Rayong province, which is in the Eastern
Economic-Corridor zone. The area is of great economic importance to Thailand,
because of its rapid growth of industrial estates and communities. Furthermore, the
land use of the agricultural areas consumes a higher proportion, as compared to the
other sub-districts. One of the important water sources is groundwater, especially from
the Rayong Basin area, which is an economically important groundwater source in
Thailand. An increasing trend in water consumption may affect the groundwater levels
and the interaction process of hydrochemicals in the area. A study conducted by the

Department of Groundwater Resources (DGR)™

, reported that some areas had high
concentrations of more than 10 pg/L of As and Pb when compared with the maximum
value of heavy metals in groundwater used for drinking'!. This finding was similar to a
previous study by Ponsit'?, who found As concentrations in the range of 1.1 to 330.2

pe/L in some areas of the Ban Khai and Mueng districts, which are located in the Rayong
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Basin. Although the backeround concentrations of As and Pb were low, the
characteristics of geogenic rock, groundwater flow and human activities in the Ban Khai
area may influence the mobility and accumulation phases of these metals. Therefore,
groundwater use may probably result in adverse effects on human health.

The people who daily use As and Pb contaminated groundwater may
experience any of various negative health effects. The signs and symptoms include
such acute effects as fatigue, vertigo, abdominal pain and weight loss'. In the case of
long-term exposure, they can experience health problems in the form of chronic
diseases, such as neuropathy, birth defects, autism and cancer. Individual factors, such
as the mechanisms of chemical toxicity, human behavior, related congenital diseases
and dietary consumption, are associated with toxic responses!*'®. Although the
speciation can cause different toxic levels, the health risk assessment is commonly
evaluated by using the total concentration. The risk value may be an overestimation,
because only some of the species can cause a health impact!’. For instance, the
arsenite (As>*) form has a greater toxic impact on health than arsenate (As>).

Understanding and insight in the toxicokinetics of the human body, the
individual factors and their behaviors are going to be needed for further consideration
before any additional information can be established as trustworthy. Moreover, a
deterministic health risk is evaluated as a point estimate, while various studies have
been carried out using the Monte Carlo simulation to predict health risks by using
random variation'®'?. Therefore, this study has been focused on i) determining the
concentration of Pb and As speciation in groundwater and their distribution in Ban Khai
District, Rayong Province, Thailand; i) observing the association between
concentrations of these heavy metals and hydrochemical parameters in groundwater;
iii) investigating the relationship between As and Pb concentrations in urine as a factor
affecting health; and iv) estimating health risk assessment including As speciation and
probabilistic health risks from groundwater drinking and dermal exposure using the
Monte Carlo simulation. The results are intended for use as information for the
authorized officials in order to enable them to monitor and manage the water supply

and the health-surveillance system for the purpose of protecting human health.
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1.2 Study Objectives

General objectives
To study the spatial distribution of As speciation and Pb in groundwater and
evaluate the bioindicator of local people including predicting their health risks in Ban Khai

District, Rayong Province, Thailand
Specific objectives

1.2.1 To observe the concentrations of As speciation and Pb and their
spatial distribution in groundwater between wet and dry seasons

1.2.2 To investigate the association between As speciation and Pb in
groundwater and hydrochemical parameters such as pH, EC, DO, ORP, cations and
anions

1.2.3 To determine the association between urinary As and urinary Pb and
their factors affecting of residents in the area

1.2.4 To evaluate the potential health risk from groundwater exposure via
oral and dermal absorption using two approaches: As speciation and the Monte Carlo

simulation technique
1.3 Research Hypotheses

1.3.1 The seasonal variation was influenced by heavy metal concentrations
in groundwater.

1.3.2 The hydrochemical parameters were affected by the As speciation
and the concentration of Pb in groundwater.

1.3.3 The concentration of heavy metals in the urine depended on the
heavy metal concentrations and the behaviors of consumers.

1.3.4 The health risk values were predominant in residents who used

groundwater from the well with high heavy metal levels.
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1.4 Definitions of Terms

1.4.1 “Heavy metals” refer to arsenic (As) and lead (Pb)

1.4.2 “Speciation” refers to total arsenic, arsenite (As®*) and arsenate (As™)
1.4.3 “Cations” refers to Ca?*, Mg®*, Na, K and Fe

1.4.4 “Anions” refers to HCO5, SO,*, NO; and CU

1.4.5 “Exposure assessment” refers to two pathways: i) oral exposure and

i) dermal exposure
1.5 Scope of study

1.5.1 The study area is located in Ban Khai District, Rayong Province, in the
Eastern Region of Thailand. The groundwater wells, which were located within a 490
square-kilometer area of the Rayong basin, were purposively selected.

1.5.2 The factors affecting the heavy metals concentration in groundwater
included topography, meteorology and hydrochemical parameters (pH, EC, DO, ORP,
cations and anions).

1.5.3 The spatial distribution of heavy metals in groundwater was collected
and investigated between the dry season (March 2019) and the wet season (August
2019).

1.5.4 Questionnaires and urine samples were collected in January of 2020
from the local residents as additional information to explain the factors affecting to
health risk assessment.

1.5.5 Health risk assessments from groundwater consumption through

drinking and dermal exposures were evaluated.
1.6 Expected outcomes

1.6.1 The information on heavy metals and their spatial distribution was
collected in order to manage the water supply for residents in the area.
1.6.2 The association between heavy metals in groundwater and their

hydrochemical parameters was established in order to select the appropriate
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treatment methods that would be needed to reduce their concentrations before
drinking.

1.6.3 The presence of heavy metals in their urine was determined in order
to understand the exposure from groundwater consumption and the relevant factors
affecting such as socio-demographics, health information and groundwater-
consumption behaviors.

1.6.4 The probabilistic health risks of these residents who consumed
groundwater in the area were assessed in order to monitor the health risks of these

people and manage the water supply in the area where they resided.

1.7 Conceptual framework

\

Factor association [ Exposure assessment using urine sample J

- Topography

- Hydrology

- Aquifer types ﬁ -:\
1 1

- Hydrochemical parameters O ’
\ D F g g

A ' Factor consumption

_________________

Pb and As species concentration in

groundwater well and their spatial

distribution between dry and wet season

v

Health risk assessment
- Deterministic of As speciation

- Probabilistic of As and Pb
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1.8 Limitations

1.8.1 This study was not focused on determining Pb speciation because of
a lack of instrumental analysis.

1.8.2 Since the reference dose (RfD) and slope factor (SF) of As species
were not established by a relevant organization, such as the US Environmental
Protection Agency (USEPA) or the World Health Organization (WHO), the same values

as of total As were used for both As species.
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CHAPTER 2
LITERATURE REVIEW

2.1 Heavy metals
2.1.1 Arsenic (As)

l. Properties

Arsenic is an element with atomic number 33 on the periodic table. The
symbol of arsenic is As. Its atomic weight and density are 74.922 ¢/mol™ and 5.776 g/cm?
at 273.15 Kelvin (K), respectively. At standard atmospheric pressure (atm), the boiling point
of As is 887 K; it changes phase directly from a solid to a gas. At 28 atm, the melting point
at temperature 1090 K can change As from a solid to a liquid phase. It is found naturally
in the earth’s crust. It can be classified into three groups such as arsine gas, organic and
inorganic. The most common valences are the oxidation states of As, such states as
metalloid arsenic (0 oxidation state), arsenite (3 oxidation state), arsenate (5 oxidation

state) and arsine gas (-3 oxidation state).

ll. Groundwater Sources of As

As can occur from the erosion of geogenic materials, including igneous,
metamorphic and sedimentary rocks, since it is widely distributed in the Earth’s crust. The
As level in groundwater is generally approximately 1 pg/L. As compounds are present in
general forms, such as arsenic acid (HsAsQ,), arsenous acid (HzAsOs), arsenic trioxide (As,05)
and arsine (arsenic trihydride AsHs). The reaction process in water can result in the
dissolving of As compounds (solid phases), particularly sulfide realgar (As4Sq), orpiment
(As,S3) and arsenopyrite (FeAsS). Additionally, the characteristics of topographies, such as
the plain area, lowland and alluvial sediments, are related to the levels of As that may
be present®.

On the other hand, there are man-made sources that can generate As in the
environment along both direct and indirect pathways. Many countries, particularly in Asia,

still observe As concentrations of 10 pg/L above the standard for drinking. High
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concentrations are commonly presented in areas located near anthropogenic sources. The
industrial and agricultural activities are playing important roles in the contamination of
groundwater, because the products and wastes contain these heavy metals??!.
Furthermore, large amounts of As in the soil and groundwater in the mining areas are
reported by many researchers, while the concentrations that are present depend on the

2225 Combinations with other mineral ores, such as Pb and tin, are

mineral types
commonly a source of As. Some studies have shown that As in groundwater is usually
found in colluvial sediments ranging from 1 to 5,000 pg/L because of disseminated sulfide
ores in granite and alluvial in tin-mining areas”®?’. The drainage and tailing pond are also
contaminating the groundwater as surface runoff’®. The major mineral component of
arsenopyrite is a predominant source of As. Similarly, As contamination was found in
Thailand near the areas where there was mining activity, including Nakhon Sri-Thammarat,

Rayong, Saraburi, Pichit and Kanchanaburi Provinces?®?.

lll. Factor Affecting As Mobilization in Groundwater

a) Topography and meteorology

Geography and lithology are important factors affecting the concentration of
As. Most As is commonly found in unconsolidated rocks and sediments, because it can be
adsorbed by iron oxides under reduction conditions and leach into the aquifer’®*!. However,
the pollutant does not move immediately after being released from the source, because
it was adsorbed by the sediment and other materials. Winkel et al.”’ found that the depth
was correlated with As concentration, especially at a shallow depth, possibly because of
the distance of mobilization from ground surface into the groundwater well. In addition,

the seasonal variation can influence the As concentration®>*,

b) As speciation

Inorganic As is predominant in groundwater. It is generally present in two
forms, such as arsenite (As”) and arsenate (As>). In terms of geochemical processes in
groundwater, these are important factors in the promotion of mobilization, as shown in

Fig. 2.1. In the aqueous phase, the mobilization of As may occur as a result of desorption
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caused by competing interactions with dissolved components. Alternatively, it may take
place as a consequence of host-material phase dissolution induced by organic-compound
degradation at the microbial level. This activity takes place within the contaminant plume.
Hydrochemical properties such as redox potential, pH and temperature, any complex ions
that may be present, the grain size, components of the soil and sediments, and major
ions all affect the mobilization and accumulation of As. For example, the oxidation
condition of mineral sulfide is a cause of high As. This metal can leach and move into
aquifer. The distribution of As in the liquid phase is related to the redox potential as an
oxidation-reduction reaction in the aquifer. As’" is predominant in a reduced condition;
but when oxidized, it occurs as As>* ***** Adsorption with metal oxides, particularly Fe
and Al oxides, can help limit its movement in water. At a near-neutral pH under aerobic
conditions, arsenic is observed in co-precipitation with iron hydroxides®. On the other
hand, a high phosphate (PO,) decreases the ability of As adsorption with metal oxides,
because PO, is then replaced by As®*. It results in the restriction of the adsorption area.

The concentration of As in groundwater increased with higher concentrations of POy .

Industrial
sources

Atmosphere 1
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Figure 2.1 Reaction of arsenic in an aquifer”
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¢) Hydrochemical parameters

The pH value of groundwater, which ranges from 6.5 to 8.5, affects the
transportation and desorption process by the oxidation-reduction potential (ORP)™.
Several studies report that a high pH is associated with As-rich groundwater®®. In the
nature of As distribution, it has three reaction processes, namely, desorption at high pH
under an oxidation process, desorption resulting from hydrochemical changes under a
reduction process and mineral dissolution®?’. At a high pH and enrichment of NaHCOs, As
can degrade from sediment and has a high ability of mobilization in groundwater™.

Meanwhile, the ORP can affect the mechanism and reaction process with
chemicals and sediment, as well as the hydrology of the groundwater. The oxidized sulfide
ore has a high ability to release inorganic As into the soil and water in the vicinity area®®.
Meanwhile, the weathering process of silicate and carbonate induces the desorption of
As, which can then be released from the metal oxide in the sediment because of its
condition of alkalinity. In addition, oreanic matter can leach more As at concentrated
levels into the aquifer under reducing conditions, since organic compounds commonly
consist of metal oxides, especially iron and sulfide minerals and pyrite. Meanwhile, the
reduction condition is an important factor for As movement, particularly As®* in
groundwater.

Furthermore, cations and anions show a relationship with As mobilization.
The dissolution of As from soluble iron oxyhydroxide can occur under an anaerobic
environment because of the changing Fe-oxide structures'>*. High As** in groundwater is
predominant as a species in an alluvial aquifer. A rich presence of As in groundwater
results from a hydrochemical process, such as from high concentrations of Fe, NH** and

PO,> while low concentrations of SO,* and NO® are found under a reducing condition.

IV. Health risk Assessments of As
Health risk assessments of As-contaminated groundwater are determined by

the two pathways of oral and dermal exposures, and include the following biomarkers:
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a) Oral route
Many studies have investigated risk assessment of As exposure in

d'*?  Phan et al.” compared the As

contamination areas throughout the worl
contamination in groundwater among three types of community areas, namely,
uncontaminated areas, moderately contaminated areas and extremely contaminated
areas, which are located in the Mekong river basin. The potential health risk and the
individual risks were characterized by two variables, one of which was the variable for the
age group (children and adult) and the other for sex (male and female). Neither variable
indicated an influence to risk value; the important factors, instead, were average daily
dose and As in groundwater. In addition, Saha et al.'® presented data showing that the
ingestion rate and exposure duration had an association with health risk estimation. These
findings corresponded to the results of a study conducted by Liang et al.*’, who
demonstrated a high correlation between the As level in large contaminated areas and
the risk value of residents. The people in the communities have shown both carcinogen
and non-carcinogen effects. In addition, the shallow groundwater well was the first primary
point in which a higher concentration was found than in a deep well, because this aquifer
had a connection to a soil layer. Meanwhile, in a previous study, observations were made
in the groundwater located in the intensity area of the chili fields of Ubon Ratchathani
Province, Thailand. These results demonstrate that As concentration in the groundwater

and in the urine of farmers were positively correlated with health risk values®.

b) Dermal contact

There were a few studies that had conducted an assessment of health risk
from skin exposure to As in groundwater. This pathway can lead to exposure by daily-life
activities such as showering and hand washing. Households which use groundwater for
domestic use had very low total cancer risk (<1%)®.
c) Biomarkers

Various studies had investigated As concentrations in humans, such as in the

urine, nails, and hair, which would be usable as biomarkers***. As was observed in hair
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samples, it ranged from 3 to 10 pg/ g in persons who were exposed to As contamination
in groundwater. These individuals had been afflicted with symptoms caused by ingesting
shallow groundwater with rich contents of naturally occurring arsenic. The author
concluded that the As concentration in hair and the ingestion rate have an association,
but no correlation with age or sex**. Moreover, the level of inorganic As in scalp hair was
relative to the daily intake by people and was affected by overdosing and long-term
intakes of inorganic As'®. In the case of urine, it was used as an indicator for finding As
levels via the oral route. The urine samples were collected to determine indicators of
exposure from subjects who had been using groundwater as a drinking water. The
investigation of As in urinary samples from the children who had been drinking water from
the well in agricultural areas was showed that there was a positive association between
As levels and HI values®. Furthermore, other relevant factors included smoking, age, sex,

occupation and food and beverage consumption®™'.

V. Effects on Health from As Contamination in the Groundwater

The entry of As into the body has a relationship with the biologic state of
the human body. Meanwhile, different As species represent different degrees of toxicity.
The toxicity level depends, firstly, on whether the As is in an inorganic or organic form.
Other influential factors of toxicity are its valence state, solubility, physical state and purity
level. Also relevant to As toxicity are rates of absorption and elimination®®. Inorganic As is
normally more toxic than organic As. Also, a valence of lll results in a higher toxicity level
than a valence of V. The more rapidly absorbed forms of As have high levels of toxicity,
while the forms that are most rapidly eliminated are generally less toxic. The

biotransformation of inorganic As in the body consists of the following four steps®®:

» Absorption
Generally, As concentration in the body can excrete about 70% of the
ingested As from drinking water via the urine. A soluble trivalent arsenic compound,
constituting almost all (= 95%) of the ingested As , is capable of being absorbed into the

gastrointestinal (GI) tract. Trivalent As enters the body through a simple diffusion
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mechanism, while penta-valent As enters through cell membranes via an energy

dependent transport system.

« Distribution
Following absorption into the Gl tract, As becomes widely dispersed
throughout the body by the blood circulatory system. Most of the body’s tissues quickly
dispose of the As, with the exceptions of the skin, hair, and nails, which tend to retain it.
The remaining As in the human body often appears as signs in the skin, nails and hair,
because these organs are high in keratin. The sulfhydryl group is the major of component

in keratin; it can bind As and expose the effect of As in the body.

» Metabolism
As>* and As>* are in a water-soluble form. They have a rapid metabolism in
the Gl tract. Reduction of As®* to As®* occurs from the oxidative methylation of As>*,
chemically altering it with forms of mono-, di- or trimethylated products, producing
methylated products by reaction with several enzymes. This process usually occurs in the
blood and in the liver. However, trivalent methylated arsenicals have been observed in
the urine and pose a carcinogen effect on people who suffering from contamination with

inorganic As®* rich groundwater®.

 Excretion

Humans normally excrete a mixed combination of inorganic,
monomethylated and dimethylated forms of As, although they do not normally dispose
of any of the trimethylated forms of As. Organic As has a higher rate of elimination through
the urine than inorganic As. The As excretion through the primary route of the urine is via
the kidneys. There are also other, somewhat less significant, disposal routes of inorganic
As. Such routes include fecal elimination, accumulation of the As in the hair and in the
finger and toenails, and also through skin desquamation. Another such channel of
elimination is through normal perspiration. Humans can excrete approximately 70% of

inorganic As within a 48-hour period™.
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a) Signs and symptoms of acute exposure

Inorganic As has a direct toxicity to many systems of the human body. The
Gl tract and the epithelial cells contained within this tract are among the systems
adversely affected by inorganic As. The As also adversely alters the systemic enzyme
inhibition of the tract, leading to profound gastroenteritis and occasionally hemorrhaging,

as well. These effects can be present within minutes to hours following ingestion.

b) Signs and symptoms of chronic exposure

Chronic oral consumption of As could lead to arsenicosis, which results in
skin lesions and skin pigmentation, as well as bladder, kidney and, finally, lung cancers®*,
Furthermore, there may be insidious occurrences of neuropathy resulting in chronic
toxicity in the absence of other apparent symptoms. In addition, there may be side effects

that are observed with multi-organ and multi-system interactions, culminating in such

disorders as diabetes, anemia and/or leukopenia.
VI. Health hazard information for inorganic As

a) Acute effects:

The symptoms of acute As toxicity were indicative of the effects of inorganic
AS on the Gl tract (nausea, vomiting) and on the central nervous-system [CNS] (headaches,
weakness, delirium), and also on the cardiovascular system (hypotension, shock), as

well*??,

b) Chronic effects:

Non-carcinogen effects from As exposure were found in many organ systems,
such as the gastrointestinal, cardiovascular, urinary, hepatic, dermal, nervous,
hematological, endocrine and reproductive systems. The RfD of oral and dermal for
inorganic arsenic was 3x10™ mg/kg-day, while 1.23x10™ mg/kg-day was the threshold value
for non-carcinogen effects®>*. The term “RfD” serves as an approximation of the day-to-

day oral exposure of the human population to As. This term applies to certain sub groups
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which, while sensitive, are not likely to be at appreciable risk of deleterious non-cancer

effects during their lifetimes.

) Cancer Risk:

The Ingestion by humans of inorganic As has been correlated with elevated
risks of non-melanoma skin cancer. Inorganic-As ingestion has also been correlated with
elevated risks of cancers of the bladder, liver and/or lungs%. Inorganic As is classified in
Group A as a human carcinogen. The EPA has calculated the SF of inorganic As to be about
1.5 per (mg/kg-day) via the oral route, and about 3.66 per (mg/kg-day) by dermal

contact®®*,
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2.1.2 Lead (Pb)

I. Properties

The metallic element of lead, while very soft, is also quite dense and ductile.
It offers high resistance to the passage of electrical currents. It normally occurs in lead
compounds and may also be found in combination with other elements. The symbol of
lead is Pb, which is from the Latin name Plumbum. Pb has an atomic number of 82, an
atomic weight of 207.2 ¢/mol™ and a density of 11.34 g/cm®. The melting (or fusion) point
of Pb is fairly low at 600.61° K, while its vaporization (or boiling) point is 2022 ° K. It is very

stable and hard to decompose within the environment.

Il. Sources of lead in groundwater

a) Natural source

Pb is distributed in low concentrations in sedimentary rocks and soils. It is
usually found in the Earth’s crust at a distribution of approximately 15-20 g¢/kg.
The elemental state of Pb rarely ever occurs. Natural Pb enrichment occurs around base
metal ores, which are shown to be in the +2 oxidation state. It often appears in the mineral
galena (PbS) and in the oxidation products of lead sulfide ores, such as anglesite (PbSO,)
and cerussite (PbCO;). Pb has two forms, organic and inorganic, which occur in the usual
forms found in the environment. The differences in geological features could lead to a

variety of Pb levels®™~®.

b) Anthropogenic sources

Normally, Pb occurs in natural sources, but man-made uses of Pb are the
major cause of increased concentrations in the environment. It is used in in a large number
of metallic products worldwide, especially by industries producing lead-based paints,
batteries and electronic products, and also by the steel and petrochemical industries. High
Pb concentrations in groundwater tube wells is presently near areas where such

complications occur as untreated industrial outflow, sewage, domestic wastes, glasswork
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sites and agricultural runoff’”°. Moreover, improper management of mining areas where
there is wastewater and chemical residues, which are a byproduct of their activity, has
resulted in environmental contamination. A previous study case in Klity Creek, Thailand,
Pusapukdepob et al.?’ demonstrated that discharge from tailing water to the creeks and
streams is a cause of Pb contamination in the environment.

In addition, electronic waste-recycling areas, landfills and dumpsites can
release Pb, which is component in their material composition, into the soil and
groundwater. Elevated Pb concentrations have been reported in the soil and surrounding
areas of landfills because of the waste composition of these aeras. Kiddee et al.*° showed
that Pb concentration had exceeded the Australian drinking water guideline values
because of the releasing of leachate from the electronic waste-plant in the area. Similarly,
the study of Wuana and Okieimen® showed that Pb in groundwater caused the water to
become extremely contaminated around dumpsite areas. Recently, a study indicated that
the Nonthaburi dumpsite has poor groundwater quality and is unsuitable for drinking (with
contaminants ranging between 39-55 pg/L) as a result of the diffusion from leachate
through soil and groundwater, respectively. Meanwhile, the expansion of the industrial
zone and landfill areas is expected to result in a contamination by Pb in the groundwater
of Rayong province. Furthermore, the change in the level of the groundwater has resulted

in hazards from the hydrochemical properties®.

lIl. The Pb-Mobilization Factor in Groundwater

Mobilization of heavy metals in groundwater can increase the potential of
heavy metal distribution in the environment. The mineral compositions can influence the
change of pH when released into water. For example, leaching of limestone, which is
sedimentary rock, could lead to an increased pH, while sulfide minerals can decrease the
pH. The binding form of Pb is an insoluble form. It is hard for it to move within the
environment?®!. However, some factors can influence the releasing of Pb from a solid
phase into the water. The effect of pH is the primary factor for the dissolving of Pb in
groundwater or precipitation into an organic form. The soluble complex forms are usually

present with chlorides, hydroxyls and organics. These forms increase mobility in the liquid
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phase. At an acidic condition, Pb speciation compounds of OH’, CL, CO32’, SO.* and HS
are found. These species have the effect of releasing the metal from the substances into
the water. With anelevated pH range extending to alkalinity, Pb is predominant in various
forms in the hydroxo-species. such as PbOH?, Pbs(OH),* and Pb(OH), (ag), as shown in Fig.
2.2% A pH above 6 prevents dissolution, so that the Pb compound is therefore in an
insoluble form. Moreover, Pb?* binding with sulfides and hydroxides from 3 to 6 and from
8.5 to 9 of pH, respectively, can cause the metal to assume an insoluble form, as shown

in Fig. 2.3%,
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Figure 2.2 Effect of pH values on the aqueous speciation of lead in 0.01 M NaNO;
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Figure 2.3 Solubility of metal hydroxides and sulfides as a function of pH

In the study of Jensen et al.°, it was found that Pb is heavily concentrated in
groundwater from the effect of leachate. It can cause the environment, such as in the soil
and water, to assume an acidic condition. Therefore, organic matter might release Pb out
into the environment. Dissolved lead concentrations are related to dissolved sulfates near
acid-mine drainage areas. In addition, acid rain causes decreased water pH levels, since
CO, and water react in the ambient air. Near landfill sites, leachate will usually cause the
groundwater properties to assume a lower pH, while also affecting the organic
solubles?®®_ |n the case of seawater, the major ions of the chlorides tend to combine
with lead to form such compounds as PbCl*. In contrast, at an increasing pH in water, Pb**
is only minimally dissolved in organic matter, but is highly dissolved as a carbonate. This
condition is strongly bound to the hydroxo-species form, such as PbOH'. In the
hydrochemical processes, these reactionshave less affect on the mobilization of Pb
because of its stable form as a precipitate. The mobility has an indirect ORP. For example,

if sulfur is present in an anaerobic environment, the lead can absorb it to form iron sulfide,

Ref. code: 25656017320059TGl|



19

and it is then presented as PbS, which has a immobilization form. Pb strongly adsorbs it
to form hydrous ferric oxides (HFO). However, at low pH and Eh, the dissolved HFO can
result in Pb being released into the environment, because it is then included with the
element in its structure. Furthermore, seasonal variations, such as pre-monsoon and post-
monsoon, impact metal concentration. Runoff from anthropogenic activities can result in

the release of heavy metals, but only in a diluted form?®¢".

IV. Health risk assessments of Pb

a) Oral route

The health risk assessment studies of lead exposure via drinking groundwater
were investigated around the globe. Thus far, there still remain a number of potential
health hazards to the public from abandoned industrial Pb-processing sites, such as from
mines operating from outdated standards or from lead smelters. Pollutants can be
induced along two main routes: oral and dermal contact, and are likely to be found in
people who drink the water daily. In terms of groundwater, Pb occurs in water through
contamination from man-made activities, as well as from the weathering of rocks and
minerals. Industrial activities, such as mining and tailing ponds, contribute to high Pb levels
in the environment around the local areas. It may be released into the environment by
translocation from place to place and enter the food chain. Many cases of groundwater
contamination by anthropogenic sources pose high-risk health effects”®. “Klithy Creek,”
Thailand, is one of the case studies that can be used to demonstrate the relationship
between lead contamination from the ore-dressing plants and the health effects on the
residents in the area. The study of Zulfaris et al.”® determined health risks from the drinking
water in the special Capital region of Jakarta, Indonesia, which is located in the flat plains
and slope areas. Contaminated Pb was founded in many groundwater wells. The RfDg

for lead is 3.5x10° mg/kg-day™’.
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b) Dermal exposure

Exposure to inorganic Pb compounds via skin contact results in a lower
absorption rate than other routes. In contrast, organic Pb as a solvent form has a higher
rate of absorption through a dermal route that depends on the fatty acid. It is normally
found in cases of people who are exposed to fuel combustion more than groundwater
contamination. Dermal contact from inorganic lead can cause a non-cancerous risk. The
study involved only minimal investigation via this route because of the low or nearly non-

effect it has on human health'. The RfDye Was 5.25x10* mg/kg-day®.

) Biomarker

For the determination of Pb accumulation in the human systems, the Pb
samples are often collected from biological specimens, such as blood and urine. The
presence of any acute effects is shown in nail, hair, blood and urine samples®. These
biomarkers are used as a screening test in the workers or people who are exposed to lead
and who suffer the intake of lead into their bodies within a short time’"". The confounding
factors, such as smoking habits, their occupations, their sex and age all affect the

concentration levels of Pb in the urine Pb’>".

V. Health Effects from Lead Contamination in Groundwater

The principal routes of exposure and absorption of Pb in groundwater are
through oral and dermal contact. The biological state of Pb in the body results from a
number of different factors. Pb accumulates in the body over a person’s lifetime and is

normally released from the body only very gradually®.

» Absorption
Pb absorption depends on a variety of factors, including particulate size, route of
exposure, health status and biokinetics. Pb is most frequently found in an inorganic form. While
inorganic Pb is not metabolized in the liver, compounds of lead that are organic are nonetheless

subject to being metabolized. Most of the organic form via the oral route is absorbed.
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« Distribution
Inorganic Pb is absorbed in several organs, especially in the bones and soft

tissues. The distribution in the bodies of adult and children is not different.

» Metabolism

The metabolism of inorganic Pb includes complex formation together with
differences in the protein and non-protein ligands. Among the principle extracellular
ligands are the albumen and nonprotein sulfhydryls. The delta-aminolevulinic acid
dehydratase (ALAD) constitutes the principle intracellular ligands within the red blood
cells. Pb also enters into complex formation with the proteins that are in the cell nucleus

and in the cytosol.

« Excretion
Most of the Pb that enters the body is excreted in the urine and feces while

the others, such as sweat, saliva, hair and nails, and breast milk are minor routes. Dermal
exposure to lead nitrate or Pb acetate is excreted in the sweat and urine.

In case of Pb in the blood and bone, the Pb concentration depends on age,
physiological state and other factors. When Pb gets into the body, it moves through the
blood to the soft tissues, such as the brain, kidneys and lungs, and becomes distributed
throughout the body. The half-life of Pb in adult human blood has been estimated at 28
days. The primary target organ of Pb accumulation is the bones and teeth in approximately
94% of adults and 73% of children. Therefore, cumulative Pb levels can be predicted in

both groups, because the system spends a long-time removing Pb from the body.
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VI. Groups Vulnerable to Pb Exposure

a) Children

The oral route is the primary exposure route for children. This age group is
much more sensitive than adults because of differences in behavior and physiology. They
have a greater risk from Pb exposure. Children, especially infants and young children,
absorb Pb in the gut at around 5-to-10 times higher rates than adults. The efficiency of
absorption in the Gl is elevated, while the presence of elements, such as calcium, iron
and zinc, is decreased. Pb absorbs these elements and inhibits the body erowth of

children. It can pose a potential effect on brain and nerve development (ASTDA, 2007b).

b) Pregnant women
The level of Pb may increase during pregnancy or lactation. Considerable

health effects include low birth weight, risk to fetal development and neurological effects.
2.2 Health risk Assessment Methods

The scenario of health risk consists of four components, namely, the source
of contamination, exposure pathways, routes of exposure and receptors. There are four
steps in the process of risk assessment. These four steps are: (1) hazard identification, (2)
exposure assessment, (3) dose-response assessment and (4) risk characterization. The

process proceeds as follows:

Step 1: Hazard identification

This step examines chemical data for all contaminants detected at a site. The
data, as observed, are related to concentration, spatial distribution and pathways along
which toxicants in the environment move from the site to potential receptor points. Data
includes historical background of the particular site, land-use characteristics, information
pertinent to the area in question, contaminant levels in the air water and solil,
sedimentation, particulars of the environment that could affect the chemical state and

movement, populations that may be adversely affected and potentially affected biota.
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Step 2: Toxicity assessment

This step defines toxicity as pertininet to the dose-response relationship for
each chemical of concern. Output will consist of numerical constants to be used as
independent variables in the risk-calculation equations. An uncertainty analysis then
follows regarding these same numbers. The next task will be to explain how this

uncertainty might possibly impact these risk estimates.

Step 3: Exposure assessment

This step is a quantitative risk assessment on state and transport. This
assessment involves related sources (natural and anthropogenic sources), chemical reactions
(mobility), transport mechanisms (groundwater flow), transformation mechanisms
(biodegradation), exposure point (groundwater well), receptors (residential consumers of

drinking water) and exposure routes (oral and dermal contact).

Step 4: Risk characterization

This step pertains to characteristics of risk from chemical exposure, which can
be used to conclude probability of hazards and severity of hazards in the populations
under study and to estimate risks by calculating quantitative estimates of both the non-
carcinogenic and carcinogenic risks to receptors for all exposure scenarios. Risks are

considered as follows, with explanations of each risk:
2.3 The Relevant Researches on Health risk Assessment

Evaluation of risk is one of the tools used to analyze health risk from the
contaminated areas. There are various methodologies to determine risk assessment. Most
of the studies use the equation to find a risk from chemical exposure, as shown in the
topic of health risk assessment®. This method is needed to input the variation in the
equation. The results of risk calculation come from the concentration of total chemicals,
such as the total presence of arsenic. Moreover, software can generate the result of risk
value in many cases. It can help the user to make decisions for management of risk in the

area. However, these two methods are calculated by using total concentrations of the

Ref. code: 25656017320059TGl|



24

heavy metal. It means that some speciation that cannot affect human health is included
in this value. Moreover, the precipitation form has no effect on potential health risk.
Recently, the study of Zhang et al.'”in China has been developing a novel methodology
by adjusting the average daily intake and combination of the morphological simulation.
This work compares risk assessment of total metal concentration, speciation and modified
Cr®* via oral route. The concentration and activity of metal species, which are used in
equations, come from the “Visual MINTEQ Simulation” software. The results show that,
for the modified average daily intake, there is higher risk accuracy than there is by using a
total concentration. The level of metal species poses a potential risk. Some equivalence

of the species is equal to zero, which may have no effect on humans.

Monte Carlo simulation

The Monte Carlo simulation is a technique for creating a predictive model.
The process of analysis begins with a generator that selects a value for each variable within
the relative values of the data set produced by the model and then producing a
probability distribution for all possible values. The Monte Carlo simulation uses repeated
random sampling to give a probability outcome as a multiple scenario. The probability is
dependent on the variable that was input into the program at that point in time’. It has
various tools for running the Monte Carlo models, such as @Risk software and Crystal Ball
software. The Monte Carlo simulations have become an important technique for risk-
assessment modeling worldwide. For cases of public health studies, the simulation model
is applied to forecast and predict potential risk outcomes. There are important advantages
for determining the values of such variables as concentration rate, body weight, skin-
surface area, duration of exposure, exposure time and exposure frequency. Most of the
studies focus on using of a range of values to track the results of different simulations’.
The possible scenario from this technique is very useful, because it is simulated from the
basis of one outcome and is compared with the associated obstacles to make the decision
on risk management. In the study conducted by Deng et al.”®, 42 water samples were
collected. The Monte Carlo simulation was employed to obtain a health risk assessment

and to determine the water quality. The probability value from a simulation of 100,000
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times supported the fact that that there is a high risk associated with the contaminated
water source.

Many researchers revealed that a lack of complete knowledge, toxicological
parameters and exposure parameters, especially the individual exceptions caused by the
environment and a person’s genetics and sex, can be a cause of uncertainty™. The point
of estimation was a commonly occurring influence leading to an underestimated or
overestimated health risk value. Therefore, random variation using the Monte Carlo
technique was used to reduce the randomness and uncertainty of the prediction

result’”’®,

2.4 Study area
2.4.1 Rayong Province

Rayong province is located in the Eastern Region of Thailand, with latitude

and longitude of 12° 37’ North and 101° 20’ East, respectively. It shares a boundary with
Chonburi Province to the West, North and East, and the Gulf of Thailand to the South. It
has a coastal length of around 100 kilometers (km) on its southern boundary. Its area is
approximately 3,552 square kilometers (km?). Geographically, the topography of Rayong
province consists of a plain alternating with highlands in a wave-like surface. The North
and East of Rayong consist of a sloping surface area, while the South of Rayong extends
into the Gulf of Thailand, which is lowland. The average elevation is approximately 1,035
meters (m) above sea level. It has two major rivers, the Rayong River (or, namely, the
Khlong Yai), with a length of around 50 km. This river has a confluence with Klong Dok Krai
and Khlong Nong Pla Lai. It starts from Khao Phanom Sat and Khao Gongsong. It flows
through Pluak-Deang District, Ban Khai District and Muang Rayong District, respectively, with
Pak Nam Subdistrict at the end of this river before reaching into the sea. The other river,
the Prasae, has a critical line length of 25 km, which starts from the mountain range of
Chanthaburi Province and flows into Khao Cha Mao District and Kleang, respectively. The

end of the stream is Pak Nam Prasae Subdistrict, which flows into the sea.
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The climate of Rayong Province is influenced by two types of monsoon. the
northeast monsoon (from mid-October to February) and the southwest monsoon during
the rainy season (from mid-May to October). The effect of the southwest monsoon is in
the winds. The winds bring humidity and vapor from the sea, which then spread out into
the Province. The weather in Rayong province subdivides into three seasons, as follows:

- Cool season (October to February), as influenced by northeast monsoon

- Summer season (February to May), as influenced by northeast monsoon

- Rainy season (May to October), as influenced by southwest monsoon

According to the statistical annual report for the period from 1981 to 2010,
there are 113 rainy days, in which the mean annual rainfall is 1,401.3 mm. The rain is at
its heaviest from September to October, with approximately 204 to 216 mm. of rainfall.

The mean annual temperature is 28.2 degrees Celsius.
2.4.2 Ban Khai District

The study area is 480 km?, and is located at latitude 12 46' 00" and longitude
101 18' 00". The area extends to many districts, including the South and the southastern
Mueang District, the northeastern Wang Chan District, the northwestern Pluak Daeng
District and the eastern Nikhom Phatthana District. The district includes seven sub-districts
and is located in the Rayong Basin. The Basin has an area of 2,200 km?, which contains
the three Rayong subbasins of Ban Chang, Khlong Yai and Sumnaktorn subbasins, although
this study area pertains only to the Khlong Yai subbasin. It consists mainly of rocks of two
types, consolidated rocks and unconsolidated rocks and sediments. The first group,
consolidated rocks, is found mostly in the areas of the high mountain ranges, mountains,
hills and some beaches. This hydrogeologic unit in the Rayong Basin can be subclassified
into three subunits, the silurian-devonian, the carboniferouspermian and the triassic. The
second group, unconsolidated rocks and sediments, are present in the plain area and in
the flood--plainand colluvial sediments. It subdivides into four units, the alluvial deposit,
the colluvial deposit, the quaternary marine and continental deposits, and the quaternary

marine sedimentary rocks (Fig. 2.4).
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Figure 2.4 Geography of Ban Khai district
Most of the land use is agricultural and is used for rubber plantations, paddy

fields and durian gardening. One landfill, which has been out of operation since 2015, is

located in Nong Lalok Sub-district. Moreover, industrial zones and industries outside the
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estate, which are heavily involved with metals in such processes as sorting waste, metallic

products and chemical-fertilizer manufacturing processes, are located in this district (Fig. 2.5).
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Figure 2.5. The landuses map of the study area
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The background values of As and Pb in the Rayong Basin are <0.0028-0.0200

and <0.00007 me/L, respectively. Most of the area in Ban Khai District consists of

unsolidated rocks”. In the groundwater study in Rayong Province, the DGR™ investigated
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the heavy metals in groundwater at such vulnerable areas as landfills, industrial areas,
industrial waste disposal sites and petroleum stations. The results obtained show that As
and Pb are at higher levels than allowed by the drinkingwater standard as set by the
notification of the National Environment Committee, Issue 20 BE 2543 (2000). This notification
had been written in accordance with the goal of supporting and maintaining compliance
with the Quality of the National Environment Act BE 2535 (1992), which set standards of
water quality in underground water sources. Similar results were also observed by Ponsit?,
who noted that the arsenic level in groundwater concentration ranged from 1.1 to 330.2
ug/L at 5.5 to 8 of pH in the Ban Khai area. Moreover, the speciation shows that As®" is
predominant in a reduction condition, while As>* is in an oxidation condition. The well

located in the recharge area is in this same condition, as a result of its exposure to oxygen.
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CHAPTER 3
RESEARCH METHODOLOGY

3.1 The study Design

This study observed the concentrations of Pb and As speciation in
groundwater wells in Ban Khai District, Rayong Province, Thailand. Furthermore, their
distribution and the probabilistic health risk assessment from groundwater consumption
were investigated. Meanwhile, the association of heavy metals in urine and their relevant

factors were analyzed. A flowchart of this study is shown in Fig. 3.1.
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Step 1: Determination the Pb and As species concentration in groundwater in both dry and wet season

- Measurement of parameters affecting the distribution and mobilization of heavy metals in groundwater:

pH, EC, DO, ORP, cations and anions

Step 2: Spatial distribution of heavy metals in groundwater and the statistical analysis

Hydrochemical properties

y

Heavy metal speciation and their distribution

- Correlation analysis

\4

Y
|

ArcGis 10.5

- Principle component analysis

Step 3: Exposure assessment

(As and Pb in urine)

\4

Y
I

- Binary logistic regression

- Linear regression

Step 4: Health risk assessment

\4

i) Deterministic of As species

7y
|

As species

Questionnaire

- Socio demographic
- Health information

- Groundwater consumption behavior

\4 \4

ii) Probabilistic of As and Pb

Species activity < -

Visual Minteq 3.1

Species concentration

Figure 3.1 The study design

Y
l

Monte Carlo simulation
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3.2 Groundwater Sampling and Analysis

There is a total of 164 groundwater wells in Ban Khai District under the control
of the Rayong Basin”. In this study, 40 groundwater wells were purposively selected to
cover the area. The study depended on accessibility to the wells during the months of
March and August, 2019. These two months were understood as being representative of
the dry and wet seasons, respectively. Altitude, latitude and longitude were measured at
the sampling point by the Global Positioning System, ArcGis (Version 10.5). This GFS system
was used to generate the spatial distribution of heavy metals in groundwater and urine
by using an interpolation method. The method of choice for this purpose was the Inverse
Distance Weighted method (IDW). The procedure for the groundwater sampling is shown
in Fig. 3.2. The stagnant water in the groundwater wells was drained for 5 to 10 minutes
before collecting a sample. After completing the flushing, the physio-chemical properties
pH, EC, ORP and DO were measured immediately at the sampling point®. The Hach HQ30d
was used to determine the pH, EC and DO values with intellical™ PHC 101 and ORP values
by applying the intellical™ MTC101 methods.

Three polyethylene bottles were collected containing: i) anions (SO,”, CL,
NO5 and HCO3), i) As, Pb and cations (Fe, Na*, K*, Ca®*, Mg?*) and iii) As>*. All samples
were filtrated through 0.45-um nylon-syringe filters. Both ii) and iii) were adjusted to a pH
of water of less than pH-2 with HNO5 to prevent metal precipitation. The As>* was filtrated
from the groundwater by using a disposal cartridge®!. This cartridge can absorb only As>*,
but not As**, because of the selective nature of the aluminosilicate adsorbent. Hence, the
As®* was absolutely isolated from the As>* in the bottle; HNO; was then added to the As>*.
These bottles were then labeled and stored below 4 °C for analysis®.

The cation parameters were determined by the ICP-OES series Optima 2100DV
and the PerkinElmer WinLab32TM software. The anion parameters NO5', Cl" and SO.> were
analyzed by ion chromatography, which uses the 4110D method, while the HCO5; was
analyzed using the titration method 2320B%. For the heavy metals analysis (total As, As>*
and Pb), groundwater samples were analyzed by use of the GF-AAS (PerkinElmer AAnalyst
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(600), while the As®* concentration was calculated indirectly by the difference levels of

total As and As*".
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Raw groundwater

4/ Measure groundwater properties

(pH, EC, DO, ORP)

Measure the groundwater level

\’
v v v
Anions Total As and Pb and cations Arsenic speciation
(SO4%, CU, NO5 and HCO5) (Fe, Na*, K*, Ca*", Mg*") (As®)
A 4 v
300 ml of raw 250 ml of raw 60 ml of raw
groundwater groundwater groundwater
Nylon syringe Nylon syringe
filter 0.45 pm. filter 0.45 pm.
A 4 4
HNO, HNO,

Figure 3.2 The procedure for groundwater collection
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3.3 Questionnaire and Urine Analysis
3.3.1 Collection and sampling procedure

The questionnaire responses and urine samples were collected during
January, 2020. The number of participants was selected as based on the stratified
random-sampling method. The information received from the Rayong Provincial
Statistical Office showed that Ban Khai had a population of 66,645 people in 2017, with
a density of 137 persons per square kilometer. For the purpose of a sample-size
calculation, the standard deviation (SD) of As in the urine found from the study of
Wongsasuluk et al.*> was used in the present study. Since this area was a rural area,
most of the land uses were agricultural, and people were using groundwater for
drinking and daily purposes. The formula of finite population mean was thus calculated

by the following relation:

NazZzl_%
S PR AT 0227,
Where
n = Number of sample size
N = Population size
o = Standard deviation (0.14 based on Wongsasuluk et al.*)
Z = Value from normal distribution associated with 99%
confidence level = 2.576
d = Margin of error (0.05 based on the research condition)

a =0.01

® The sample sizes

_ (66,645)(0.142)(2.576%)
1= 0.142(66,645 — 1) + 0.142(2.5762)
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According to the equation, at least 52 persons should be selected for the
sample size. In this study, the participants were sub-classified into two groups, as
follows: 55 persons of the L group, who consumed groundwater from the well
containing As in the amount of < 10 pg/L; and 55 persons of the H group, who
consumed groundwater from the well containing As in the amount of > 10 pg/L (using
data from section 4.3.1). All participants were interviewed and urine samples were
collected from them in order to evaluate the exposure assessment from their
groundwater consumption and other relevant factors. The selection of the participants
was based on these criteria, as follows:

® nclusion criteria

i) A person who has accumulated a residence time of at least ten years in
the Ban Khai area and has been using groundwater as drinking water and/or has
maintained a daily consumption from a local well

i) A person who is at least 18 years of age

iii) A person who has willingly agreed to participate in the project

® Exclusion criteria
i) A person who has been ingesting seafood, seaweed, instant noodles
and/or canned food within 2 weeks of urine collection
i) A person who wants to withdraw from the study during the period of
data collection
iii) a person who has migrated from the living area of the study during the

period of data collection
3.3.2 Urine analysis

The questionnaire was used in face-to-face interviews for the purpose of
compiling: i) socio-demographic information; i) health information; and iii) behavioral data
pertaining to groundwater consumption (see Appendix A and B). The urine-collection
protocol was explained and information was provided on the need for self-preparation

prior to participation in this project. Urine samples of approximately 100 mL were
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collected during the first morning and stored frozen at -20 °C for analysis in a sterile
polypropylene container. The analytical process followed the protocols for human
biomonitoring methods®. All samples were diluted with 1:10 of HNO; (v/v), while
rhodium was used as an internal standard to prevent interference from the matrix
effects. As and Pb in the urine were analyzed by the Special Lab Center Clinic of
Thailand, using inductively coupled plasma-mass spectrometry (ICP-MS, PerkinElmer
ELAN DRC-e). The presence of As in the urine (UAs) was expressed in units of ug/L,
while the presence of Pb in the urine (UPb) was expressed in units of ug/g of creatinine

(pg/gCr).

3.4 Quality Control

The electrometric instruments were calibrated with the standard solutions
before determining the content of the samples in the study field. All sample containers
were pre-cleaned with a 10% solution of HNOs™ (v/v), rinsed with deionized water and
air-dried before collecting the samples to prevent metal absorption from the
polyethylene bottle surfaces. During the preparation and analytical process, an
analytical-grade reagent was used in this study. For the heavy metals found during the
groundwater analysis, R-square was 0.9990 of As and 0.9995 of Pb. The instrumental
detection limits of GF-AAS were 0.3 of As and 0.4 pg/L of Pb, which were calculated
by 3SD. The detection limit for the anions were 0.005 mg/L of Na, Kand Fe; 0.001 mg/L
of Ca”*; and 0.05 mg/L of Mg?"; and for the cations, the detection limit was 0.001 mg/L
of SO, NO; and CL. In addition, the working performance standard was used to check
at least one spike sample and reused after processing every 20 samples. The
%recovery was within the range of 90-110%, of which 94% was As and 97% was Pb,
while duplicated checkingoccurred at a rate of less than 10%.

The standard concentration ranged within 0-100 pg/L, with an R? of 0.9945.
The instrument limit of detection (LOD) was 0.03 pg/L and the method limit of
quantitation (LOQ) was 0.10 pg/L for As, while the LOD and LOQ of Pb were 0.10 ug/L
and 0.50 pg/L, respectively. The analytical method was controlled fy use of the

certified reference materials (Seronorm™ Trace Elements Urine L-2, Lot 1403081). For
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As, the concentration was 222.04 pg/L, which was within the limits of 209.0 to 314.0
pe/L, while Pb was 85.32 pg/L, which was within the limits of 64.0 — 96.2 ug/L. The
%recovery was within the range of 80 to 120% of the As and Pb. For the purpose of
precise measurement observations, the %relative standard deviation (RSD) was
analyzed 10 times, which included 1.0% at 25 pg/L, 1.7% at 50 pg/L and 0.1% at 100
pe/L, all of which were less than 10%. Spiked concentration was used after calibration,
after every twenty samples and at the end of each analytical series in order to check

and verify quality control.
3.5 Ethical Study

This study protocol, bearing the code of 053/2562, was approved by the
Human Research-Ethics Committee of Thammasat University (Science), (HREC-TUSC).
All participants were expected to give written informed consent and tocomplete
questionnaires after the potential consequences and the urine-collection protocol
were explained to them prior to enrollment. The Cronbach’s alpha test was employed

to assess the reliability and internal consistency of the questionnaire.
3.6 Statistical Analysis

The normal distribution was performed by the Kolmogorov-Smirmov (K-S
test) normality test method before determining the statistical analysis. Mann-Whitney’s
U test was used to compare the median of heavy metals concentration between the
dry and wet seasons, as well as their concentrations in groundwater and urine between
the L group and the H group. Pearson's chi-squared was used to test the correlation
of heavy metals concentration in urine between the participant group who consumed
groundwater from the well with As < 10 pg/L (the L group) and the other group who
consumed groundwater from the well with As > 10 pg/L (the H group). Spearman's
rank correlation coefficient was determined to observe the correlation between the
heavy metals and other hydrochemical parameters. In order to identify the probable
sources, a principal-component analysis (PCA) was made. This analysis took place

through the varimax rotation of Kaiser normalization®’. The PCA loading was plotted in
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the form of clusters as a means of describing the spatial dimensions of the relevant
factors. The interrelationship of the categorical data of the As in urine and relevant
socio-demographic factors was illustrated through a binary logistic regression analysis,
while the interaction of the As in urine and relevant factors was analyzed through a
multiple linear regression. The extent of the exposure to As within the aqueous
pathway of drinking, showering and agricultural activity was subject to a similar analysis.
The statistical analysis was carried out by the SPSS software, PASW Statistic Base 18 for

Windows. Meanwhile, the statistical significance was considered at a p-value < 0.05.
3.7 Health Risk Assessment

In this part, the health risk assessment was divided into two approaches,
including a deterministic of the As species and a probabilistic of the As and Pb. Both
approaches followed the four steps of health risk assessment. The first step, hazard
identification, was to describe the potential health effects of heavy metals exposure.
The second step was the toxicity assessment, which considered the relationship
between metal concentrations and health effects. Meanwhile, the carcinogenic and
non-carcinogenic effects that were observed to calculate health risks depended on
each metal and route of exposure. Exposure assessment and risk characterization were

then determined using both approaches, as follows:

3.7.1 Deterministic of As species

The As species was simulated using visual MINTEQ 3.1% by inputting the
average values of the basic parameters of pH, ORP, temperature, As>*, As>*, Ca*?, K,
Mg*? Na*, Cl, CO%, NO5 and SO4* from the field investigation (see Appendix I). The
output variable of As concentration and its activity were used to calculate the health
risk assessment. The target metal (TM) for calculation was As. The calculated
concentration of the As species in each groundwater well (C) was in units of pg/L, in
which i is the number of target metals (i=1) and j is the number of metal species (from
the output of Visual MINTEQ). The relative atomic mass (M) was 74.9216 g¢/mol.

Meanwhile, the precipitation form was considered by using the weight calculated. The

Ref. code: 25656017320059TGl|



40

average daily doses through the oral and dermal pathways were then evaluated in

accordance with Egs. (3.1) to (3.4).

Step lIl): Exposure calculation
Oral exposure

1) Average daily dose of heavy metal (ADD): using the conservative

equation®
oD e N CxIR xEFXxEDxCF; (3.1)
(mg/kg — day) = BW X AT
2) Average daily dose of i speciation (ADDU)17
ADD e Cij x IR x EF X ED x CFy (3.2)
Where

C = Average concentration of heavy metal (ug/L)
@, = Average concentration of i speciation (ug/L)
IR = Ingestion rate (L/day)
EF = Exposure frequency (day/year)
ED = Exposure duration (year)
CF, = Conversion factor of unit

BW = Body weight (kg)
AT = Average time (day)

Dermal exposure

1) Average daily dose of heavy metal (ADD): using the conservative

equation®
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CxSAxFxPCxETx EF x ED x CF;x CF,

ADD (mg/kg — day) = W AT — (3.3)
2) Average daily dose of i speciation (ADD;)""
ADD; j(mg/kg — day) = Cij x SAx Fx K, x ET X EF x ED x CF;x CF, - (3.0)
’ BW x AT
Where
C = Average concentration of heavy metal (ug/L)
G, = Average concentration of i speciation (ug/L)
SA = Skin surface area (m?)
F = Fraction of skin in contact with water (unit less)
Ko = Dermal permeability constant (unit less)
ET = Exposure time (h/day)
EF = Exposure frequency (day/year)
ED = Exposure duration (year)
CK = Conversion factor of unit
CF, = Conversion factor of unit for water (L/cm?)
BW = Body weight (kg)
AT = Average time (day)

Since some species exists in the form of precipitation in groundwater,

weight value calculation of i speciation (W;) was considering followed Egs. (3.5) and (3.6)

Aj ) _
hi=sa Lw;=1 —(3.5)

C]' XT;j
W

i = m - (3.6)
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Where

G = Concentration of j speciation (mol/L) (Calculated by Visual

MINTEQ modeling)

A = Activity of j speciation in As (Calculated by Visual MINTEQ
modeling)

W, = Weight value of j speciation in As

M, = Relative atomic mass of As

g = Weight assignment of j speciation in As

Calculation of the heavy metal concentrations such as C;; and G are

calculated following Eq. (3.7).

Cij = 2(1000 xCjxMjx nj)x W; - (3.7)
J
Where
G = Concentration of total As speciation (ug/l)
n; = The number of target metal from j speciation

Step IV) Risk characterization

The risk of As species could be characterized including non-cancer effect and

carcinogenic effect that can calculated as presented Table. 3.1.

Table 3.1 Input parameters for risk characterization

Risk characterization
Health risk assessment approach

Non-carcinogen risk Carcinogen risk

__ ADD CR = LADDxSF

RfD
HI:ZHQ TCR= ) CR

Conservative method
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Risk characterization
Health risk assessment approach

Non-carcinogen risk Carcinogen risk
HQ;; = ADD;; TCR;; = LADD;;xSF
As speciation method RID
HI;; = Z HQ;;; TCRy; = Z CRj;
Where: HQ = Hazard quotient of heavy metals
HQ,; = Hazard quotient of j speciation
HI = Total non-cancer risk of heavy metals
HI;; = Total non-cancer risk of As speciation
CR = Cancer risk of As
CR; = Cancer risk of j speciation
TCR; = Total cancer risk of As speciation
SF = Slope factor of As
RfD = Reference dose of heavy metals

3.7.2 Probabilistic of As and Pb

In this approach, probabilistic health risk was carried out by use of the
Monte Carlo model in Excel software using @RISK 8.2, Palisade Corporation (Student
Version). The probabilistic distributions of each random variable were defined to
determine corresponding mean and standard deviation by 5,000 repetitions. The
interval estimation of risk values was presented as a numerical range within which an
event might occur. Based on the simulation, the probability distribution of the
exposure variables was assumed to take the form of log-normal and normal
distributions (Table 3.2). Similar distributions were also carried out by various studies
887 These distributions were inputted to predict the exposure and health risk
assessment, while other parameters were fixed-point values. The health risk of As and
Pb via drinking and dermal exposures are summarized in Table 3.2. The sensitivity

analysis was conducted in order to evaluate the impact of the parameters and thereby
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identify the most influential parameters associated with health risks by use of

Spearman’s correlation coefficient.
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Table 3.2 The input parameters for a probabilistic health risk approach

Parameters Unit Value Probabilistic distribution Reference
Heavy metal concentrations (C) pg/L
As concentration 16.13 + 30.96 Log normal This study
Pb concentration 0.67+ 0.67 Log normal This study
Ingestion rate (IR) L/d 238 +£0.72 Log normal This study
Exposure frequency (EF) dry 365 Fixed value USEPA, 1989
Exposure duration (ED) y 19.15 + 13.69 for drinking exposure Log normal This study
20.88 + 14.52 for showering exposure Log normal This study
18.96 + 14.42 for agricultural exposure Log normal This study
Conversion factor from ug to mg (CFy) 0.001 Fixed value
Unit conversion factor (CF,) 0.001 Fixed value
Skin surface area (SA) cm? 16,746.08 + 1898.61 Normal This study using
USEPA, 1997
Fraction of the skin in contact with water (F) 0.925 for showering Fixed value Yu et al,, 2010
0.11 for hand exposure
The dermal permeability constant (K,) 0.001 for As Fixed value USEPA, 2004%°
0.0001 for Pb
Body weight (BW) kg 62.81 + 12.62 Normal This study
Average time (AT) d AT = ED in days for non-cancer risk Fixed value

AT = Life time span; 76.5 y in days for

cancer risk

Office of the National Economic and

Social Development Council., 2019
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Characteristics of the Groundwater Resource

Groundwater resources in the Ban Khai District, Rayong Province, involve
two types of hydrologic units, those with consolidated aquifers and those with
unconsolidated aquifers (Quaternary colluvial aquifer; Qcl aquifers). Consolidated
aquifers (granite aquifer; Gr aquifer) consist of a permian-carboniferous meta-sediment
aquifer, a silurian-devonian metamorphic aquifer, a precambrian metamorphic aquifer
and a granitic aquifer. The other aquifier type comprises an alluvial aquifer, beach
aquifer and colluvial aquifer. The 40 groundwater wells were sub-classified into two
types, 13 wells of Qcl aquifers and 27 wells of Gr aquifer (Fig. 4.1). The depth of these
wells ranged from 13 to 104 m in the Qcl aquifer (an average of 46 m) and from 36 to
150 m in the Gr aquifer (an average of 88 m). The groundwater levels ranged from 2.5
to 13.5 m and from 1.8 to 10.56 m from ground level during the dry and wet seasons,
respectively. In this study, a total number of 80 groundwater samples were collected
during the two seasons, including 40 samples for the dry and 40 for the wet seasons

at the same sampling points.
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Figure 4.1 Hydrogeological map with groundwater level and cross-section line in the study area of the Rayong Basin (a) N-S line and
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4.2 Hydrochemical Properties
4.2.1 Physicochemical properties

The physicochemical properties are shown in Table 4.1. When considering
the result as an overall yearly collection, the pH of the groundwater samples ranged
from a slightly acidic pH of 5.25 to a slightly alkaline pH of 8.82. The median of pH
values is shown to be near-neutral. However, 14 of the groundwater samples in the
wet season and 19 of the dry-season samples were not within the pH range of the
drinking water guideline'!. The pH level was correlated with the values of EC and DO.
A change in the pH value can affect the water condition by the influence of the ion
reactions. Meanwhile, the EC was representative of the ions, including both anions and
cations. Under a low pH condition, a decrease in the DO level was shown to occur by
the redox reaction of water, which was caused by the electron transfer between
hydrogen and oxygen. In the annual sample collection, most samples were
predominantly in an oxidation state with a positive value. Higher amounts of oxygen
may result from the influence of pressure by the pumping of well water. In contrast,
some of the sampling points (Nos. 6, 7 and 15 at the well) had a more negative value
of redox potential. These three wells were in the form of a hand-pump well, and their
well depth ranged from 18 to 36 m from the surface. The water color showed a clear
yellow shade of turbid sediment, while the other samples were clear and colorless.
Similar results were found by Figura et al.*’, who explained the relationship of the
microbial mechanism to the oxygen in the groundwater. Microbial respiration
consuming oxygen, especially in the hyporheic zone, can cause a reduction in the
amount of oxygen. Furthermore, these wells were located adjacent to the river, where
its groundwater can interact with the river (Fig. 4.1). In addition, the pumping frequency
also affected the factors associated with the oxidation-reduction states. Both the ORP
and DO were important factors affecting the oxygen level in the groundwater. The
oxidation condition presented a positive correlation with the DO value. In contrast, the

reduction condition in the well resulted in a low DO value®.
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The statistical results obtained showed that the pH level was the only
significant difference between the wet and dry seasons (p-value < 0.05). The range of
pH value was 5.25 to 8.82 in the dry season and 5.37 to 8.55 in the wet season. Most
of samples were weakly acidic and neutral in the dry and wet seasons, respectively.
An increased pH value in the wet season may be caused by the effect of precipitation.
The pH of the groundwater in the area showed a slightly acidic state that may possibly
result from the effect of the rainwater. It could lead to a decrease in the pH level of
the soils and the water. However, the effect on pH was dependent on the land uses
in the area’. The results obtained corresponded to the study conducted by Ojekunle
et al.”!, who stated that the emission of such gases as NO5, CO, and SO, into the
atmosphere in industrial areas was a common occurrence. These gasses can drop to
the surface water, especially in the wet season. Meanwhile, the acid formation during
the dry season can induce a decrease in the pH level after infiltration into the soil and

groundwater.
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Table 4.1 Hydrochemical parameters measured in the field during the dry and wet seasons
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pH DO EC ORP Ca?* Mg?* Na K Fe SO,% NO; ct HCO4
unit - mg/L ps/cm mV mg/L mg/L mg/L meg/L meg/L me/L me/L me/L me/L
Mean 6.59 552 243.15 207.85 12.47 5.03 25.84 7.14 2.06 10.58 2.24 5.33 111.31
Median 6.69 6.08 218.00 231.70 5.18 3.48 14.42 5.26 0.03 8.58 0.44 1.66 74.3
Dry season
( ) SD 0.86 1.71 155.33 119.10 17.04 5.74 25.52 5.08 7.42 8.41 5.56 9.46 93.71
n =39
Min 5.25 2.28 21.5 -140.1 0.19 0.15 2.08 1.36 0.01 0.48 <0.001 <0.001 4.72
Max 8.82 7.82 553 383.9 77.55 34.53 96.07 20.81 43.47 33.7 28.30 40.60 339.0
Mean 6.98 5.25 257.29 198.42 12.28 12.37 7.6 36.35 0.36 19.86 12.25 2.03 132.24
Median 7.09 5.95 248.00 216.55 6.95 8.09 3.75 23.89 0.11 9.89 9.66 0.41 105.75
Wet season
( ) SD 0.83 2.00 170.31 96.10 14.45 10.71 10.73 32.68 0.76 27.05 9.44 4.96 101.28
n =40
Min 5.37 1.52 1.97 -128.70 <0.001 0.92 0.06 0.01 <0.005 0.23 0.58 <0.001 14.20
Max 8.55 7.84 576.0 347.20 69.40 43.0 56.23 1215 3.70 108.7 313 26.10 363.00
Mean 6.79 5.38 250.31 203.07 12.37 8.75 16.6 21.93 1.2 15.28 7.31 3.66 121.91
Average Median 6.85 6.02 245.00 222.80 6.62 6.2 9.47 9.06 0.06 9.07 2.42 0.59 83.8
season SD 0.86 1.85 162.20 107.48 15.68 9.33 21.43 27.62 5.28 20.54 9.22 7.66 97.56
(n=79) Min 5.25 1.52 1.97 -140.1 <0.001 0.15 0.06 0.01 <0.005 0.23 <0.001 <0.001 4.72
Max 8.82 7.84 576.0 383.9 77.55 43.0 96.07 121.5 43.47 108.7 31.30 40.60 363.0
WHO
6.5-8.5 - - - - - - - 0.5 200 50 250 -
guideline
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4.2.2 Cation and anion properties

The charge-balance calculation was used to determine when to remove
the samples that exceeded the acceptable error level of 10% (see Appendix D and E)
9293 The results of cation and anion concentrations collected in both seasons have
been tabulated (Table 4.1). After calculating the charge-balance error, there were 39
remaining samples in the dry season, while 40 groundwater samples in the wet season
were below 10%. The median level of HCO; was found to be the highest as compared
with the other ions, while Cl" was the lowest in the groundwater. Almost all high
concentrations of the cations and HCO5, with the exception pf Fe, might occur from
the decomposition of the parent materials®. Most of the parameters were within the
acceptable level of the guideline value set by the WHO, except for the Fe content
in some samples. Elevated Fe concentrations were present in the well of the Qcl
aquifer, which may have been caused by the release of Fe mineral associated with
the organic matter present in the shallow well. Although the concentration of NO5
was similar to the findings from the work of the DGR’, which had surveyed the
Rayong Province area, some samples showed high levels of NO; as compared to the
natural water sources (below 2 mg/L). In addition, chemical applications in agriculture
might increase some of the nutrients needed for organic soil matter, which could be
released into the groundwater system by reaction with environmental factors®?’.
Furthermore, the biological oxidation of ammonia to a nitrite by the microbial process
of nitrification was an important source of enhancing the NO; level.

A comparison of the two seasons shows that most of the ions were at a
predominant level in the wet season, except for Na* and CL. Statistical results showed
that the levels of Na*, K¥, Mg, SO,* and NO; were different in the two seasons (p-
value < 0.05). These results were similar to the findings of a study conducted by Rao’®,
who found that the ion concentration was mainly dependent on seasonal variations.
The return flow from irrigated farm land was an important source of the increase in
ions during the wet season’. On the basis of groundwater chemistry facies (Fig. 4.2),
they can be sub-grouped into five types during the dry season, ordered in the following

sequence: Ca-Na-HCO; > Na-HCO; > (Ca-HCO; = Ca-Na-HCOs-Cl > Na-HCOs-Cl.
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Meanwhile, during the wet season, they are classified into three types in the following

sequence: Ca-Na-HCO; > Ca-HCO; > Na-HCOs.

Groundwater facies in dry

Ca-Na- Koy Na-HCO3-
HCO3-Cl Cl
8% ‘ 2%
Na-HCO3 4
38% Ca-Na-
‘ HCO3
B ) 4

Ca-HCO3
8%

EXPLANATION
Dry season
Qe
®
Wet season
A Qcl
A Gr

0
100

a)
Groundwater facies in wet
Na-HCO3 sgason
23% Ca-Na-
HCO3
4%
30%
b)

Figure 4.2 Hydrochemical components during the dry and wet seasons: a) Piper

diagram and b) percentage of groundwater facies®
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According to the plot of Ca** + Mg”" versus SO,* + HCO5, the main source
of ions was contributed by silicate weathering, while carbonate dissolution was a minor
source, as shown in Fig. 4.3a'%. Moreover, the study of Esteller et al.'! and Rao™
confirmed what is shown by this plot by using the reaction of the cation exchange

between soil and aquifer, as follows in the equation below:
Cations (silicates) + H,CO3 = H,SiO4 + HCO5 + cations + clays

Under acidic conditions, the H,CO5; content may be rising and may have
supported the chemical reaction, resulting in an elevated HCO; level in the

groundwater'®, as follows in the equation below:
H,O + CO, — H,CO,
(Calcite): H,CO5 + CaCO; — Ca*" + 2 HCO5™
(dolomite): 2H,CO5 + CaMg(CO5), — Ca®* + Mg** + 4 HCO4

This mechanism of Ca?* and SO,* can be explained by the mechanism of
mineral dissolution, particularly dolomite and calcite, which are mostly founded in the
adjacent area (Wang Chan District), as presented in Fig. 43¢, An increasing HCO5
concentration directly affects the pH level. Hence, it can influence the mobilization
and speciation of heavy metals.

In terms of the minor groups of groundwater facies, the ion-replacement
process, which was affected by the reversible reaction between Na-HCO; and Ca-HCOs,
can be explained'®>!®. The diagram of Ca’*/HCO; could confirm this result (the ratio
above 1), as presented in Fig. 4.3¢'*'%. This description corresponds to the findings of
a study conducted by Wisitthammasri et al.”’, who illustrated the interrelationship of
an ion-exchange reaction in both ions, as shown in Fig. 4.3d. Nevertheless,
approximately 10% of the samples in the dry season were predominantly groups of
CU. The residence time and the aging of the groundwater were important factors
affecting the hydrochemical composition®®. Furthermore, the Na* and CU were strongly

related to the evaporite dissolution in the dry season resulting from the effect of the
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aqueous sediment interaction'®. Moreover, the marine aerosol particles could have
the effect of transmitting the Cl, as a result of the tropical monsoon'®"1%,

For the Cl" and SO,% ions, the dominant facies were Na-HCO5-Cl (well no.
37) and Ca-Na-HCO5-Cl (well Nos. 20, 33 and 38), as shown in Fig. 4.2 and 4.2b. The
presence of dominant ions may have been caused by the effluents discharged from
the septic tankand some chemical input during the cultivation process’ . In this
study area, the groundwater might not have been affected by the seawater intrusion,
because of a very low Cl level. Generally, the brackish water was found to have high

Cl levels of around 500 to 1,000 mg/L™. This result agreed with certain published

articles!?,
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4.3 Heavy Metals Distribution in the Groundwater and Their Factors Affecting
4.3.1 As concentration and spatial distribution

The result of the heavy metals presence in groundwater, as compared
between the dry and wet seasons, is presented in Table 4.2. For the Qcl aquifers, the
median level of As in the dry season was 9.952 pg/L, while in the wet season, this level
was 4.859 pg/L. In the Gr aquifers, the median level of As during the dry season was
1.252 pg/L, while in the wet season, this level was 0.400 pg/L. The statistical analysis
demonstrated that the two aquifer types were not significantly different in their As
concentrations during the two seasons (p-value > 0.05). Nevertheless, the topography
and environmental characteristic were also impacting the As concentration'*!.

The Presence of As in groundwater may be a common occurrence resulting
from the mineral dissolution and the influence of evaporation, particularly in an arid
condition?*'2. In addition, As caught within the organic matter or the clay minerals
under natural evaporation could leach into the aquifer system because of the
influence of microbial activity”®!">. On the other hand, the dilution or lowered
concentrations were most often caused by precipitation during the wet season'".
When considering As speciation, it can be seen that As”* was a dominant species, as
compared to As®*. The results obtained showed that concentrations of As and As>*
were different in the Qcl and Gr aquifers during the dry season (p-value < 0.05). A high
As level was clearly observed in the Qcl aquifer. In addition to the characteristics of
the geology, the other possible cause may have been the passage through the soil to
the groundwater system.

The previously surveyed report noted that the area has a background As
value ranging from less than 2.8 to 20 ug/L". Approximately 78% of all wells were
within this range, while the others had exceeded the guideline value set by the WHO
(at well Nos. 1, 4, 6,7, 17, 21, 22, 27 and 37). Moreover, this result was in line with the
findings of Boonkaewwan et al.!*°, who observed values ranging from 0.55 to 159.76

pe/L during the wet season. Meanwhile, most of the species were shown to contain
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As®* that may have been caused by the influence of hydrochemical values and
environmental factors.

In Figs. 4.da and 4.4b., the As distributions in the wet and dry seasons were
compared. The high concentrations were shown as they occurred in the northwestern
and the southeastern regions of the map. The different land-use types may be an
important factor in the increase in concentration particularly, in the urbanized and
agricultural areas (see Appendix C). The hot spot was observed at well no. 27 in both
seasons. The highest As level was shown to occur during the wet season, which was
as high as 183 pg/L. Furthermore, there are various sources that may have been the
origin of the As contamination in the groundwater, including chemical input in the
agricultural process, industrial activities and soil erosion'*>'*8. According to the period
of sample collection during the wet season, paddy cultivation usually starts in July.
Several types of chemical inputs were used for rice farming, such as fertilizer, herbicides
and insecticides'”. Both precipitation and infiltration can affect the As distribution in
the surrounding area. In addition, the levels of As were related to the direction of the
groundwater flow. However, there was no difference in the As distribution during the
dry and the wet seasons because of the low velocities of the groundwater flow. In
addition to these factors, the topography, hydrochemical mechanisms and the

hydrogeology also impacted the distribution'#.
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Table 4.2 As and Pb concentrations in the groundwater wells during the dry and wet seasons (unit: pg/L)
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Seasons Groundwater types Elements Mean Median SD Min Max
As 20.768 9.952 26.202 0.366 73.260

Qcl AS™ 9.037 1.127 18.173 BDL® 64.640

n = 13) A 11.846 2.200 19.742 0.366 61.230

Pb 0.443 BDL® 0.058 BDL® 0.539

Dry season As 6.452 1.252 17.339 BDL® 88.260
(n = 40) Gr A 1.383 BDL® 2.527 BDL® 10.570
n = 27) AS™ 5.247 0.684 15.398 0.012 77.690

Pb 0.612 BDL® 0.380 BDL® 1.780

As 14.351 4.859 17.892 BDL® 50.780

Qcl AS™ 3.772 BDL® 8.247 BDL® 29.590

(n=13) AS™ 10.765 3.088 15.396 BDL® 50.480

Pb 0.482 BDL® 0.161 BDL® 0.862
Wet season As 15.233 0.400 40.638 BDL® 183.000
(n = 40) Gr AS** 3.735 BDL® 10.608 BDL® 40.910
(n=27) As™ 11.731 0.400 34.304 BDL® 171.390

Pb 0.774 BDL® 1.127 BDL® 5.737
As 13.025 1.333 28.670 BDL® 183.000

Average year As* 3.809 BDL® 10.303 BDL® 64.640
(n = 80) A 9.404 0.958 23.866 0.012 171.390

Pb 0.618 BDL® 0.697 BDL® 5.737

Remarked: ° : Concentration was below the detection limit (BDL) with less than 0.300 pg/L

® . Concentration was below the detection limit (BDL) with less than 0.400 pe/L
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4.3.2 Pb concentration and its spatial distribution

During the collection year, the Pb concentration in the groundwater
samples ranged from <0.400 pg/L to 5.737 pg/L. Most of the samples did not exceed
the WHO guideline value for drinking water of 10 pg/L. During both seasons, the median
levels in the Qcl and Gr aquifers were below the detection limit. Although the
maximum Pb concentration in the Gr aquifer in both seasons was clearly higher than
in the Qcl aquifer, the statistical results showed no significant differences (p-value > 0.05).
Generally, the Pb mostly originated from the parent material and accumulated in the
organic matter. Nonetheless, the influence of environmental factors, such as low pH
value and/or reduction conditions, can result in an increase in the solubility of Pb in

the groundwater'?!

. The result of this study provided a value similar to the background
value, which was below 7 ug/L79. However, the issue of Pb contamination from
household piping systems was a concern in many countries because of the corrosion
problem!@ 1 At present, the households in this area are replacing lead pipes with
pipes made from materials that do not react chemically in order to prevent the release
of lead from their residential plumbing systems. Therefore, the Pb concentration was
not significantly different among these samples (p-value > 0.05). Hence, Pb leaching
from pipes was not the major source of lead in this study. Nevertheless, the extent of
the problem could still be underestimated because of the Pb remaining in the old
water in the groundwater wells.

According to Fig. 4.4d, some sampling points seem to be high in Pb levels
than in the other wells, possibly because of human activity, particularly fertilizer

122126 Moreover, the pumping might disturb the equilibrium of the

input
hydrochemicals in the groundwater, resulting in the reaction condition. However,
almost none of the wells in the Qcl and the Gr aquifers showed a different distribution
in their wet and dry seasons, because the results were observed with very low Pb
concentrations in those areas (Fig. 4.4c and 4.4d). Additionally, the behavior of this
metal was commonly shown in a residual form™’. In a manner similar to the pH level

found in the present study, which ranged from near neutral to weak alkalinity, low

mobility was predominant in the environment. Therefore, the mobilization of Pb
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usually needed a longer time period than the other elements under these same
conditions?. For these reasons, annual monitoring of these wells was helpful in

considering the Pb distribution when the area underwent land-uses changes.
4.3.3 Correlation between heavy metals and hydrochemical parameters

The correlation among the As speciation, Pb levels and hydrochemical
levels is indicated in Table 4.3. The As level had a positive relationship with As>* in
both seasons. The dissolving of the chemical application composed of monosodium
arsenate (NaCH;HAsOs);, disodium arsenate (Na,CH;AsOs,)s, diethyl arsenic acid
((CH3),AsOCOH) and arsenic acid (HsAsO,) can result in enhancing the As and Na* levels

in the soil and groundwater''

. The effect of pH on the desorption of As was supported
by increasing its concentration in the As>* form within the alkaline water'!*. Moreover,
the presence of HCO5 can promote the As and As”* concentration'?. In addition to the
As species, the HCO5 also had a high association with the Na*, K*, Ca** and Mg”* and
pH levels, which can be originated by the silicate dissolution and cultivation process'?***°.

The strong positive factor of As mobilization was the pH value, which can
be explained by the adsorption and desorption mechanism. For instance, a high As®*
adsorption was common under acidic water (pH = 4), while a low As®* adsorption
performance occurred on hydrous oxides under an elevated pH**'. The mechanism of
As reaction among its species was discussed in the study of Torres et al.'*’. Since the
pH in the groundwater ranged from 6 to 8, it can support the As’* form, allowing it to
exist in the groundwater in a high proportion as compared to As®*. Nevertheless, a
correlation was not found between the pH level and As speciation during the wet
season. Since dilution by rainwater can be interrupted, the influence of rainwater is
subject to limitation. It was shown in the case of some wells that the redox reaction
was positively associated with the As species, as shown in well Nos. 6 and 7. Although
the pH levels in both groundwater wells were nearly neutral, the reduction was also
strongly influenced, resulting predominantly in As**.

Bissen and Frimmel®® reported that Cas(AsO,), and CaHAsO; are

commonly founded in chemical fertilizers and pesticides. As based on this previous
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study, a dominant arsenite species was present, as well as a calcium composition. It
can be implied that, because of the agricultural activity, one of the As>* sources could
dissolve into the soil and groundwater, respectively. The As** could then be changed
by the environmental conditions, especially the oxidation condition. Furthermore, As>*
was related to Fe because of the dissolution of iron-rich minerals'**. In addition to the
As** source, the predominant species of arsenate was mainly generated from the
replacement of alkaline mineral substances with plagioclase feldspars, such as K-
feldspar (K(ALSiz0g)) to filatovite (KI(ALZN),(As,Si),Og)). Therefore, the As’* is commonly
present as a result of the silicate dissolution'*°.

When considering the properties of Pb, it can be seen that it has a negative
correlation with HCO5;™ and pH between the dry and wet seasons. The behavior of this
metal was stable within the range of pH that was found in this study and, similarly, in
the study of Alloway?’. Most of the Pb forms can be implied, like PbCOs, which occurs
in a strongly precipitated form in the aquifer system'*. Meanwhile, the other
parameters, namely, EC, Ca**and Fe, were also inversely correlated with Pb during the
dry season. Under oxidizing conditions, Pb was caught with Fe and clay. On the other
hand, Pb had a negative association with K*, Mg?* and Cl during the wet season. The
chemical input during cultivation can be used to explain this association. As based on
the information pertaining to this area, the wet season is a period for cultivation.
Consequently, Pb can be accumulated in the soil because of its behavioral
characteristics, while the other elements can be leached into the groundwater. In
addition, the chemical compounds of Cl" can be found in many agricultural products,
including KCl, NaCl, CaCl, and MgCl,. Likewise, the resulting ions were found to have
hish EC values''’. Based on this result, the As species concentration should be
considered, because its mobilization in the groundwater was promoted by this

environmental condition.
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Table 4.3 Correlation between heavy metals and hydrochemical parameters duing the dry season and the wet season®

Dry season
pH DO EC ORP As As** As>* Pb Ca* Mg?* Na K Fe ct NO; Soks HCO,

pH 1.000

DO .326 1.000

EC 814" 0011  1.000

ORP 0272 356" -0.290  1.000

As 393" 0020 .4117 0038  1.000

As** 0273  -0.151  .390"  -0.128  .816"  1.000

A 4897 0138 3777 0067  .876"  .564"  1.000

Pb -407" 0073  -365 528"  -0041 -0.087  0.019 1.000

Ca** 5797 0027 7677 -0.286  0.251 0.210 0.266  -.437"  1.000

Mg?* 469" 0069 5667  -0.130  .358" 0.310 337" 0276 .781"  1.000

Na 7907 0166 767 -0.253  .448" 330" 428"  -0259  .409"  .344 1.000

K 0210 0002  0.165  -0.299  0.035 -0.103 0060  -0.137 0139  0.105  0.303 1.000

Fe 0050  -346" 0206 -674" -0082 0103  -0277 -320" 0216 0.063  -0.040  0.141 1.000

c -0.046 0038 0141 0293  -0.083 -0014 -0204 0170 0151  0.064 0073  -0.140 -0.065  1.000

NO; 0.048 0269  -0.010 0267 -0028 -0.031 0064 0163  -0.009 -0009 -0.031 0214 0193  0.020 1.000

SO~ -0.093 0291  -0.001  .412"  0.042 0.017  -0.038  0.173 0.045 0.142 0.035 0.074  -0.167 629"  0.124 1.000

HCO4 8957 0047  .8887  -391° 420" 0298  .508"  -364" .7297 540" 752"  0.258 0.13¢  -0.101  -0.042  -0.188 1.000
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Wet season
pH DO EC ORP As As* As> Pb Ca** Mg?* Na K Fe ct NO; SO~ HCO,
pH 1.000
DO 329 1.000
EC 7057 0.181 1.000
ORP 0.010  .466"  -0.092 1.000
As 0.165  -0.190  0.173  -0.282  1.000
As* -0.082 0268  -0.029  -0.307  .637" 1.000
As>* 0.181  -0.165  0.192  -0256  .996"  .590" 1.000
Pb -463" 0075 -0282 0077 0232 0174  -0.231 1.000
Ca* 546”7 0053 586  -0.234  0.262 354" 0250 0307 1.000
Mg** .740” 0.23¢ 6217  -0.033 0.228 0.209 0231 -405" 765" 1.000
Na 4437 0183 4747 0219  .447" 382" 4407 0173 5237 494" 1.000
K 776" 0075 690"  -0.172 354" 0.013 362" -4157 4157 534" 530" 1.000
Fe -0.106  -0.188  0.038  -339 398" 4897 3817 -0099  0.238 0.067  .458"  0.086 1.000
ct 518" -0.008  .497"  -0.173 0.240 3817 0226  -334° 768" 731" 735" 432" 0310 1.000
NO5; -0.051 -0216  0.089 -0.224  0.200 323" 0188 -0.189  0.184 0118  0.126 0082  0.13¢  0.259 1.000
SO,* -0.032 0169  0.080 -0004 0021 -0.068 0033 0285 0197 0179  -0.100 -0.046 -0.047 0019 0083  1.000
HCO, .834" 0.049 742"  -0.089  .405" 0230  .414" -429" 709" 826" 692"  .808" 0.185 686" 0.074 0.003 1.000
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The PCA indicated the correlation among the Pb and As speciation and

hydrochemical parameters. The appropriateness of the data was checked by a Kaiser-

Meyer-Olkin (KMO) and Barlett’s sphericity test, and the appropriate number of factors

was determined by the rotation method of varimax with a Kaiser Normalization, which

was used to clarify the correlation among the involved factors. The cumulative value

of the five factor components was 72.86 % of the total variance, which has eigenvalues

above 1 (Fig. 4.5 and Table 4.4).
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Figure 4.5 Plot of the principal component loading in the average year sample

collection®

The first factor included pH, EC, Ca**, Mg*", Na* and HCO;. It could be

interpreted that these parameters were related to the occurrence of the ion-exchange
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reaction in the aquifer'%*®

. The evapo-transpiration was a major phenomenon
contributing the amounts of Na* and Cl" that were especially prevalent during the dry
season'®. The geology in this area was characteristic of the S-type granites, which
contained plagioclase feldspar minerals, including quartz, biotite, zircon, apatite,
magnetite, K-feldspar (orthoclase), CaAl,Si,Og (anorthite) and NaAlSi;Os (albite)’**?.
Hence, from the dissolution of these types of minerals, there might be a source of
HCO5 and Ca?* !¢ |n addition, the solubility of CO,in water was probably caused
by an increase in the concentration of HCO5. Moreover, pH was a potential factor in
controlling the chemical reaction in the groundwater. The elevated pH could be
increasing the As level, while the precipitation process of Pb was a common
occurrence'*?. In addition to the natural source, anthropogenic activities could also be
generating these metals®’.

Factors 2 and 3 were the representative transport mechanisms that were
affected by the ORP in the aquifer system. Factor 2 was grouped with the reduction
reaction and included the ORP, DO, As, As’*, As>* and Fe. In this condition, the As
transformation was affected by groundwater bacteria. When the amount of oxygen
was reduced, the As species could be transferred from As** to As** ' For example,
the As®* was the dominant species at well Nos. 6, 7 and 15, which were ar a negative
ORP. In contrast, As®* was predominant in the wells with a positive ORP'**"*’. The
condition was correlated to the factor 3, which was predominated by As, As>*, ORP
and DO. Nevertheless, various influencing factors were still interrupting and changing
the redox potential reaction'®.

Factor 4 was responsible for the presence of Ca”, Cl" and K, which
commonly originated from human activities, such as sewage discharges and cultivation.
The effect of the rainfall is such that the rain can transfer the chemicals from the soil
surface into the groundwater. However, all three ions were found in low concentrations
that may have resulted from the impact of water mineralization”’.

Factor 5 consisted of Pb, NO; and K'. The chemical inputs in the
cultivation were an important source, because they usually contained the essential

nutrients for plant growth?.
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Table 4.4. Varimax-rotated principal-component analysis by Varimax with Kaiser

Normalization

Principal components
Parameters
F, F, Fs Fa Fs
HCO5 0.920 -0.205 - - 152
EC 0.807 -0.328 -0.137 -0.151 -
Mg 0.753 - - . 0295 -
pH 0.744 -0.376 - -0.322 -
Ca 0.674 - -0.146 0.501 -
Na 0.660 - - - 0.266
Pb -0.419 - 0.126 0.286 0.379
As** 0.343 0.838 - - -
Fe 0.145 0.667 -0.362 - 0.139
As 0.440 0.617 0.593 -0.209 -
As>* 0.399 0.445 0.712 -0.248 -
ORP -0.179 -0.453 0.645 0.309 0.142
DO - -0.463 0.566 - -
Cl 0.459 -0.118 - 0.696 -0.104
K 0.412 -0.286 - -0.467 -0.399
NO; - 0.177 0.259 0.287 -0.772

Remark: Bold letter indicates high correlation in each component.
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4.4 The Characteristics of the Participants

In this section of exposure assessment and health risk-assessment, the
focus was on the 22 groundwater wells which people have been using for drinking,
routine daily purposes and agricultural activity It was the As concentration in these
wells that was used to sub-divide the participant groups, because the Pb was at a very
low level in the groundwater sample, ranging from <0.400 pg/L to 3.1505 pg/L (Fig. 4.6).
The 110 participants were equally classified into two groups. The L group was
representative of the participants who were using groundwater from the well with a
low As level (<10 pg/L), while the H group was the person who consumed groundwater

from the well with a high As concentration (>10 pg/L).
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Figure 4.6 The 22 groundwater wells, focusing on exposure and health risk

assessments
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The overall characteristics of the 110 participants as determined by face-
to-face interviewing are shown in Table 4.5. Ages of the participants were distributed
within a range of 26 to 81 years, with a median age of 57.5 years; more than half were
female. The number of household members ranged from 1 to 10 persons; they were
found to be in various age groups. Large families were commonly found in rural areas,
reflecting the cultural society of Thailand. The number of self-employed was
somewhat higher, as compared to the agriculturists. According to the results obtained,
the two groups were similar in their socio-demographics characteristics, including age,
body-mass index (BMI), education and occupation. Meanwhile, the relevant symptoms
during the six months before collecting the urine samples in the H group were found

to be high, as compared to the L group.

Ref. code: 25656017320059TGl|



70

Table 4.5 The sociodemographic characteristics, health information and groundwater

consumption of local residents'*!

Characteristics - group " group Total
(n = 55) (n = 55) (n = 110)
Demographic information
Sex
Male 17 (31%) 14 (25%) 31 (28%)
Female 38 (69%) 41 (75%) 79 (72%)
Age (years old)
Median (min-max) 56 58 57.5
(26-78) (37-81) (26-81)
BMI
<18.5 2 (4%) 1 (2%) 3 (3%)
18.5-22.9 17 (31%) 19 (34%) 36 (33%)
>22.9 36 (65%) 35 (64%) 71 (64%)
Median 24.69 23.62 24.25
(min-max) (17.78-35.16)  (18.36-38.20) (17.78-38.20)
Education
Lower than the elementary - 4 (7%) 4 (4%)
Flementary 31 (56%) 34 (62%) 65 (59%)
High school/ vocational 21 (38%) 12 (22%) 33 (30%)
certificate
Diploma/High vocational 3 (6%) 5 (9%) 8 (7%)
certificate / Bachelor degree
Occupation
Government officer/State 1 (2%) 3 (6%) 4 (4%)
enterprises
Agriculturist 22 (40%) 19 (34%) 41 (37%)
Self-employed 25 (45%) 23 (42%) 48 (44%)

Merchant 7 (13%) 10 (18%) 17 (15%)
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L group H group Total
Characteristics
(n = 55) (n = 55) (n = 110)

Family members (persons) 1-8 1-10 1-10
Health information
The symptoms during six months ago

Gastrointestinal system 30 (55%) 38 (69%) 68 (62%)

(Abdominal pain, Vomiting,

Diarrhea, Anorexia)

Cardiovascular system 11 (20%) 24 (44%) 35 (32%)

(Hypertension)

Nervous system (Vertigo, 39 (%71) 41 (75%) 70 (649%)

Convulsions, Fatigue,

Sleeplessness,

Hallucinations)

Urinary system ( Bloody 1 (2%) 2 (4%) 3 (3%)

urine)

Immune system (Arthritis) 27 (49%) 32 (58%) 59 (54%)
Alcohol consumption behavior

No 38 (69%) 36 (65%) 74.(67%)

Yes 17 (31%) 19 (35%) 36 (33%)
Smoking behavior

No 55(100%) 51 (93%) 106 (96%)

Yes - 4 (7%) 4 (4%)
Smoking status of family member

Non-smoker 37 (67%) 33 (60%) 70 (64%)

Smoker 18 (33%) 22 (40%) 40 (36%)

Groundwater consumption

Groundwater using purpose
Drinking 50 (91%)
showering 51 (93%)

55 (100%)
52 (95%)

105 (95%)
103 (94%)
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L group H group Total
Characteristics
(n = 55) (n = 55) (n=110)
Agricultural activity 39 (71%) 31 (56%) 70 (64%)
Household water treatment
Treatment 20 (40%) 28 (51%) 48 (46%)
Non-treatment 30 (60%) 27 (49%) 57 (54%)

All of the participants used groundwater as their major source of drinking
water (95%) and for showering purposes (94%), followed by agricultural activity (64%).
Almost of these groundwater wells were treated by sand filtration, the aeration process
and chlorination before distribution through the water pipelines. Meanwhile, 46% of
household users have been using additional treatments, such as precipitation with
alum and reverse osmosis before drinking. At present, Ban Khai District has undergone
a sligcht change as a semi-urban society that could lead to a change in lifestyle,
especially in the areas of occupation, land use and recreational activity. For instance,
agriculture has long been a traditional occupation of the Thai people, while the
number of self-employed people has been rapidly increasing because of the influence
of economic development. Furthermore, their other water supplies might be exposed

while they are working outside their homes.
4.5 Concentration of As in the Urine
4.5.1 Urinary As levels

As concentration in the urine of the participants was determined in both
the L and H groups (Table 4.6). The As levels in the 110 urinary samples ranged from
5.38 pg/L to 600.86 pg/L, with a median value of 61.33 (Fig. 4.7). A comparison of the
two groups shows that the As levels in the urine of the L and H groups ranged from
5.38 to 130.76 pg/L, and from 37.86 to 600.86 pg/L, respectively. The majority of the
participants in the H group showed high cases of UAs, while their median As
concentration was at quite a high level around two times as high when compared to

the L groups. The results of As concentrations in urine show that approximately 98%
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of the H group and 36 % of the L group exceeded the normal value of 50 pg/L, as set
by the National Health and Nutrition Examination Survey (NHANES). A statistical analysis
has revealed that the UAs level in both groups were significantly different (p-value <
0.001). It can be concluded that the person who ingests groundwater with a high As
concentration (>10 pg/L) has a tendency to be found with a high UAs level.

Table 4.6 Urinary As level between the H group and the L group'®

As level in groundwater UAs (ug/L) Median (Min - Max)
Well No. Sample (n)
(ug/L) H group L group

1 1 56.01 130.86° -
2 1 2.38 = 33.91°
3 1 0.52 = 33.932
4 2 9.08 . 27.02°(22.87-31.16)
5 3 0.49 . 44.57 (22.53-44.69)
6 9 20.72 105.25 (52.23-178.34) -
7 3 17.86 135.65 (56.14-145.32) -
8 12 47.33 91.98 (59.46-139.82) -
9 4 10.03 75.83 (53.46-135.02) -
10 19 31.94 80.54 (37.86-350.06) -
11 a 7.88 - 69.91 (61.75-111.75)
12 5 1.71 - 53,51 (42.39-80.30)
13 4 7.65 = 14.71 (9.32-73.09)
14 7 135.63 117.49 (51.96-600.76) -
15 2 0.78 - 84.54 (38.31-130.76)
16 2 0.33 - 74.35P (42.02-106.68)
17 il 0.79 - 22.66 (19.75-38.96)
18 8 0.62 - 55.98 (16.46-113.77)
19 3 0.34 - 41.98 (5.74-87.4)
20 9 0.84 - 33.89 (5.38-121.91)
21 5 1.63 - 44.71 (11.25-121.77)
22 2 0.34 - 28.83 (23.02-34.63)

Overall median, Min-Max 2.04 (0.33-135.63) 90.09 (37.86-600.86) 41.98 (5.38-130.76)

Noted: ® A value of the As concentration in the urine of one participant

b An average value of the As concentration in the urine of two participants
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Figure 4.7 Urinary As concentrations of 110 residents™*!

The UAs levels of these participants were higher than those shown in the

work of Wongsasuluk et al.*®

, possibly because of the difference in the As
concentrations in the groundwater well between the two areas. In addition, the Bureau
of Occupational and Environmental Diseases (BOED)'** reported that the As
concentration in the groundwater of 21 provinces in the risk area of As contamination
ranged from 0.001 to 92.6 pg/L in 2003. Meanwhile, the residents who were drinking
the groundwater were found to have UAs levels ranging from 5 to 3,882 ug/L,
accounting for 26% of the 2,791 residents with As levels between 36 and 70 ug/L'*.
Generally, the total As concentration in urine consisted of As compounds. A high
toxicity was found with inorganic species that can be absorbed throughout the
gastrointestinal tract. The human population was most often ingesting As from their

diet, consisting, in particular, of rice, and from their drinking water'*>. The organic
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species, meanwhile, can be eliminated via urinary excretion'*. However, many
studies were concerned with the consumption of seafood and seaweed, resulting in
excessive UAs concentration, especially in the forms of arsenobetaine and

arsenocholine!®’.

Therefore, this topic is an important issue requiring that all
participants be informed and be prepared to control the content of other As sources.
Nevertheless, some participants who had been ingesting groundwater with low As
concentrations were still found to have high UAs levels of approximately 36%. Many
researchers reported that cereals, traditional herbs, mollusks, crustacea and chocolate
can be contributors to their UAs concentration levels'**!*1%°,

Nonetheless, the As methylation capacity of the human genotype could
be subject to various individual ethnic characteristics influencing the way in which the
metabolism of As is being distributed, particularly in regard to the genotype of arsenite
methyltransferase (AS3MT)**"**11%2_ Inorganic arsenic (iAs) is metabolized to MMA and
DMA mediated by the AS3MT, which is related to the detoxification mechanism. A high
level of (trivalent) iAs in the urine was detected in a person who is chronically exposed
to iAs through the drinking water. The concentration was found to range from 10% to
20% of iAs (As® + As>"), 10% to 15% of monomethylarsonic acid (MMA) and 60% to
75% of dimethylarsinic acid (DMA)'***%1% | ong-term accumulation in the tissues
could be reflected in the development of skin lesions and skin cancer'®*!>>. Therefore,

the urine is an important biomarker to evaluate the association between As in the

groundwater and human exposure.

4.5.2 Factors affecting urinary As
Since As concentration in the urine and groundwater was predominant,
statistical analysis can be helpful in understanding the relationship between As

concentration and its influencing factors, as follows:

i) Socio-demographic characteristics
The Pearson chi-square test revealed that all of the variables, including
age, BMI, education, occupation, alcohol-consumption behavior, smoking status,

smoking status of family members and household water treatment, had no correlation

Ref. code: 25656017320059TGl|



76

with the UAs levels between L and H group (Table 4.7). It can be explained that the
sociodemographic characteristics of these residents were not influential to As
concentration in the urine. Similarly, the household-treatment practices had no
significant association with UAs level (p-value > 0.05). In this study area, residents may
be consuming water from more than one source, since they work outside the home
in such places as the cultivation areas and work places. Meanwhile, these residents
can access the health center, data-information and both the health officer and
relevant government officer. Therefore, these independent variables had a very low

effect on the UAs levels.
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Table 4.7 The relationship between urinary As and the socio-demographic factors between the H group and the L group™

1

As concentration in urine

Exposure or risk factor <50 pg/L >50 pg/L
cOR (95% CI) p-value
n (%) n (%)
Overall 35 (31.8) 75 (68.2)
Age
<60 years 21 (60.0) 42 (56.0) ref
>60 years 14 (40.0) 33 (44.0) 1.18 (0.52-2.66) 0.693
BMI
Healthy weight (18.5-24.9) 24 (68.6) 50 (66.7) ref
Unhealthy weight (underweight/overweight/obese) 11 (31.4) 25 (33.3) 1.09 (0.46-2.58) 0.843
Education
<Elementary 18 (51.4) 51 (68.0) ref
>Elementary 17 (48.6) 24 (32.0) 2.01 (0.88-4.56) 0.096
Occupation
Government officer/State enterprises / Merchant/ 19 (54.3) 51 (68.0) of
Self-employed

Agriculturist 16 (45.7) 24 (32.0) 1.79 (0.79-4.08) 0.166

7
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Exposure or risk factor

As concentration in urine

<50 pg/L >50 pg/L
cOR (95% CI) p-value
n (%) n (%)
Alcohol consumption behavior

No 21 (60.0) 40 (53.3) ref

Yes 14 (40.0) 35 (46.7) 1.31 (0.58-2.96) 0.513
Smoking status

No 32 (91.4) 64 (85.3) ref

Yes 3(8.6) 11 (14.7) 1.83 (0.48-7.04) 0.377
Smoking status of family member

Non-smoker 23 (65.7) a7 (62.7) ref

Smoker 12 (34.3) 28 (37.3) 1.14 (0.49-2.65) 0.757
Household water treatment

Treatment 0(0.0) 4(5.3) ref

Non treatment 35 (100) 71 (94.7) 1.40 (0.60-3.25) 0.433

p-value for Pearson chi square test

cOR: Crude odds ratio

78
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ii) Exposure factors

The factors affecting the relationship between the UAs concentration and
groundwater exposure, were analyzed by linear regression. The independent variables
were considered to be representative of the different pathways: the amount of As in
groundwater well (x;), amount of drinking exposure (x,), amount of showering exposure
(x3) and amount of agricultural exposure (x4), which were calculated by using ET, EF, IR
and ED (Table 4.8). The statistical results obtained demonstrate that both the drinking
exposure and the As concentration were significantly correlated with UAs levels of
these participants (p-value < 0.05). Similar studies have confirmed this result®*>>*".
The model of the linear equation was Y = 49.813 + 0.35 (x;) + 0.001 (x,). When
considering the drinking exposure, it can be seen that all of the parameters which were
used to calculate the amount of exposure were high when compared with dermal
contact. It can result in an increase of the dose of ADD. The previous study indicated
that Thai people commonly had high intake rates, since Thailand is located in a tropical
region and is thus a country with a tropical climate'®®. This parameter was a major
factor in supporting the significance of elevated UAs levels.

However, the dependent variable was not associated with the amount of
dermal exposure from either showering or agricultural activities because of the
exposure time and frequency®. It can be explained by real situations of case-by-case
exposure. In the case if agricultural exposure, they were commonly using instruments
like watering pots or hoses for drainage in the growing areas. Thus, the probability of
direct skin contact was low. By contrast, exposure via showering was commonly found
to occur two or three times per day, with only a short time period per event (10
min/time). Also, it was the contact time that affected the degree of actual skin
absorption. Hence, it can be concluded that both activities were only minor pathways

of As exposure in this case.
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Table 4.8 Associated factors with urinary As concentration'*!

80

Independent variable

Univariate analysis

Multivariate analysis

B 95% ClI p-value B 95% ClI p-value
As concentration in groundwater (x;) 0.398 0.19 to 0.60 <0.001 0.35 0.15 to 0.56 0.001
Exposure via drinking water (x,) 0.001 0.000 to 0.001 0.023 0.001 0.000 to 0.001 0.016
Exposure via showering (xs) -1.140 x10”  0.000 to 0.000 0.338 -5.92x10° <0.001 to <0.001 0.598
Exposure via agricultural activity (x,) -0.001 -0.002 to 0.000 0.086 -0.001 <0.001 to <0.001 0.167
Constant 49.813
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4.6 Concentration of Pb in the Urine

The median UPb level was 32.48 pg/eCr, ranging from 6.44 to 92.11 pg/eCr
among all participants (Fig. 4.8). Almost all participants were below the normal value
of Pb in the urine for a healthy adult, except for two persons whose UPb levels

exceeded 60 ug/gCr'>’

. Consequently, this element was not necessary for the
classification of participant groups, since to do so would mean considering a factor that
affected only a small number of people whose UPb levels were high (>60 pg/gCr).
However, in the present study, higher UPb levels appeared approximately three times,
as compared to certain other studies which observed the general population. The
study of Sirivarasai and Kaorern'® reported that people living near Bangkok and the
Bangkok metropolitan area of Thailand, varying in age from 17 to 55 years old, were
found to have UPb levels of 10.35+7.5 ug/gCr. The average UPb level of the people
with no occupational exposure to heavy metals was 14.4 ug/gCr, and 42 pg/eCr for a
95" percentile of the population’®*. Inorganic lead was a major species to which
humans suffered exposure. Most of its exposure is via the oral route, such as by food
consumption and drinking, and is commonly eliminated in the urine (75-80%) and, to
a lesser extent, in the feces!®.

Pb accumulated in the bones with a half-life of 5-20 years, while a small
labile proportion was transferred to the blood with a half-life of 28 to 36 days, allowing
plasma to enter into the tissue compartments. Some fractions were excreted via the
urine and feces. Lead was not permanently absorbed in the bone but undergoes a
slight resorption by the blood. Approximately 90% of blood lead could be present in
the erythrocytes, while only at low levels in plasma'®. There were occurrences of UPb
from Pb in the plasma, which was filtrated in the glomeruli. Therefore, UPb levels are
commonly related to a determination of its presence in the plasma, as well as to
external exposure'®®. Erythrocyte lead of plasma and bone lead were correlated with
UPb levels, which were representative of the bone's influence on plasma lead'®.
Some clinical studies investigated the relationship between UPb levels and

several other factors, including age, sex, race/ethnicity, alcohol intake, education,

income, smoking status, body weight, diabetes, hypertension, weak/failing kidney and
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cancer mortality'®>*®". This relationship corresponded to the findings of a study
conducted by Goldwater et al.'*® and Sallsten et al.'*’, who revealed that UPb has
been employed as an indicator to assess the degree of exposure within the general
population, especially environmental exposure. Although UPb could provide a valid
and non-invasive alternative to BPb, its level might be subject to the influence of some
individual biological factors and diurnal variation. In the case of a low UPb level,
antioxidants such as vitamin C have been recommended to help decrease its
concentration. The properties of this substance can play the role of a chelating agent
which increases urinary lead excretion from the human body'’®. From the findings
pertaining to Pb concentration in the groundwater and the UPb levels, it could be
inferred that this element has a low health risk when absorbed via groundwater

consumption at the present time.
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Figure 4.8 Urinary Pb concentration levels in 110 local residents
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4.7 Human Health risk Assessment

This section has been separated into two parts, consisting of: i)
deterministic health risk assessment by considering As speciation and ii) probabilistic

health risk assessment by considering As and Pb concentrations.

4.7.1 Deterministic health risk assessment by considering As speciation

The Visual MINTEQ modeling generated seven aqueous As species: AsO, >,
H,AsO5, H,AsOy, HiAsOs, HiAsO,, HASO5? and HAsO,? (Table 4.9). The distribution of
the As species with mole percentage consists of two major components, AsO,”
(60.48% of HAsO,? and 39.52% of H,AsO,) and HsAsO5 (98.94% of HiAsO; and 1.07%
of H,AsO3). An approximately 76% mole concentration was existing with a pentavalent
As species, and the remaining percentage was present in a trivalent state. The As
dominant speciation showed a high activity of HAsO,?, H,AsO, (pentavalent As species)
and an ascendant H;AsOs (trivalent As species), respectively, while the concentration
and activity levels of HAsO5;? were very low in the groundwater sample. In this study,
the prevailing As species that had been simulated from a model was strong with a real
value derived from the field investigation.

Generally, the As species in the environment are found mostly with the
arsenic acids (HAsO,?, H,AsO,, HsAsO,) and arsenate ion or arsenate species (AsO,”),
as well as arsenious acids (HAsO;?% H,AsOs, HsAsO;), arsenite, etc.?’. Under the
oxidation condition, the dominant As forms were demonstrated as HAsO4? and H,AsO,
in response to the results of this study'’!. Speciation is an important factor of the
mobility and bioavailability in groundwater'"?. Low toxicity is presented when there is
an elevated level of HAsO,? and decreased concentration of H,AsO, and HsAsO,'".
The electrical potential interactions were used to explain the reaction; it was the power
of Visual MINTEQ that enabled this explanation. This software was recommended as a

means of predicting As speciation by considering the redox reactions'™.
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Table 4.9 The concentration and activity of As speciation by Visual MINTEQ modeling
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Concentration

Concentration of As species

As species Activity Weight calculated
(mol/L) (mg/L)
AsO4” 3.97E-12 1.7T7E-12 3.58E-10 5.85E-12
H,AsO,4 6.54E-08 6.18E-08 2.75E-01 4.49E-03

Pentavalence

H3AsOq 1.06E-12 1.06E-12 7.62E-11 1.24E-12
HAsO,? 1.00E-07 7.97E-08 5.43E-01 8.86E-03
H,AsO5 5.56E-10 5.25E-10 1.99E-05 3.25E-07
Trivalence H3AsO, 5.17E-08 5.17E-08 1.82E-01 2.97E-03
HAsO5? 8.13E-17 6.46E-17 3.57E-19 5.83E-21
Total As species 1.63E-02
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Table 4.10 Health risk assessment of As speciation
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Non cancer risk Cancer risk
As species

ADDing ADDder HQing HQder ADDing ADDder CRing CRd(—.’tr
AsOf’ 2.22E-13 6.09E-16 7.40E-10  2.03E-12 5.55E-14 1.64E-16 8.33E-14 2.46E-16
H,AsQO,4 1.70E-04 4.68E-07 5.68E-01 1.56E-03 4.27E-05 1.26E-07 6.40E-05 1.89E-07

Pentavalence

HzAsO, 472E-14 1.30E-16 1.57E-10 4.32E-13 1.18E-14 3.50E-17 1.77E-14  5.25E-17
HAsO4’2 3.36E-04 9.23E-07 1.12E+00 3.08E-03 8.42E-05 2.49E-07 1.26E-04 3.74E-07
H,AsO5 1.23E-08 3.38E-11 4.11E-05 1.13E-07 3.08E-09 9.12E-12 4.63E-09 1.37E-11
Trivalence HzAsO- 1.13E-04 3.09E-07 3.76E-01 1.03E-03 2.82E-05 8.34E-08 4.23E-05 1.25E-07
HAsO;{2 2.21E-22 6.07E-25 7.37E-19  2.02E-21 5.54E-23 1.64E-25 8.30E-23  2.46E-25
Total As species (Visual MINTEQ) 6.19E-04 1.70E-06 2.06E+00 5.67E-03 1.55E-04 4 59E-07 2.33E-04 6.88E-07
Total As (Field investigation) 6.12E-04 1.68E-06 2.04E+00 5.60E-03 1.53E-04 4. 53E-07 2.30E-04 6.80E-07
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On the basis of these seven As species, their concentrations and activity
were used to estimate the As species for a health risk assessment (Table 4.9). The ADD
and characterization of risk from As exposure through drinking water and dermal
contact are shown in Table 4.10. Using the methodology of health risk assessment, As
speciation from the model was compared with the As concentration as a measured
value (0.01613 mg/L). Meanwhile, the other input parameters used the same value in
those methods. The result of the total As level from the model was just slightly higher
than the total As value obtained from the field investigation, accounting for 1.18%
(0.01632 mg/L). Approximately 1.20% of risk values such as the Hl value and TCR value
obtained by the Visual MINTEQ modeling program were at a high level as compared
to the result from the field investigation. However, the error difference was less than
5%,

Although the direct calculation was convenient and not complicated, an
As concentration calculated by modeling was recommended. Modeling was the
preferred approach, because the As metal is present as a more complex species in the
environment. Furthermore, the limitations of the instrument, the analytical techniques
that would be involved, the time that would be needed and the total cost were also
concerns that had to be considered. The modeling technique can be a helpful
approach in assessing the As and its compounds for environmental-management and
health risk assessment purposes, since there are soluble forms and a precipitation form
of As that could have an effect on accuracy'”. Zhang et al."” explained that the new
method could establish the health risk value, since it mainly focuses on dissolving the
inorganic As in groundwater. The precipitation form, on the other hand, was excluded
because of its weight, which is a function of the metal’s concentration, activity and
relative atomic mass. In addition to its mobilization, its toxicity was also revealed,
following its characterization of risk. From this result, the pentavalent form of HAsO,?
was established as a major species resulting in potential health risks, including both
non-cancer risks and cancer risks. Meanwhile, H,AsO, and H3AsO5 also had extremely
high-risk values. The study of Li et al.!” demonstrated that H,AsO, was strongly toxic

with a high bioavailability, as compared to the other pentavalent species. According to
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the results from a health risk estimation, the two methods differed slightly. Therefore,
As species-concentration can used as an additional method that will be useful in
selecting an effective treatment technique for reducing the health risks of the

population.

4.7.2 Probabilistic health risk assessment by considering As and Pb

concentrations
I) Non-carcinogenic risk

The health risk value distribution of As and Pb through the oral pathway
was 3.31 + 10.61, ranging from 2.80E-03 to 3.85E+02 and 7.65E-03 + 8.60E-03 (As), and
from 2.43E-04 to 1.25E-01 (Pb), respectively (Table 4.11). The 95th percentile of the
HQg level was 12.64 (ranging from 5.11E-03 to 3.85E+02) (Fig. 4.9), while the risk levels
of the As and Pb by dermal exposure were 3.57E-02 + 9.47E-02, ranging from 1.67E-04
to 3.09 (As); and 4.00E-05 + 7.22E-05 , ranging from 5.48E-06 to 2.69E-03 (Pb),
respectively. The 95th percentile of the HQg, value was 1.17E-01 (ranging from 1.82E-
04 to 3.09). According to the results obtained, groundwater drinking was the
predominant pathway, resulting in a potential health risk in the area. The 95th
percentile of the HI level was 12.67 (ranging from 1.39E-02 to 3.85E+02), which
exceeded the safe value of 1. However, half of all simulation risk values were below

the acceptable value.

Ref. code: 25656017320059TGl|



88

Table 4.11 Variation range of HQ,x and HQp, for both pathways and CR of As simulated through 5,000 iterations of the Monte Carlo

Simulation

Parameter 5" percentile 95th Percentile 5" percentile 95th Percentile
Non-carcinogenic risk HQine HQqer

As 6.79E-02 1.26E+01 2.25E-03 1.17E-01

Pb 1.13E-03 2.2TE-02 3.99E-06 1.27E-04
Carcinogenic risk CRing CRyer

As 7.85E-06 9.48E-04 3.20E-07 1.99E-05

Remarked: Bold lettering is representative of risk values that are above the safe level as proposed by the USEPA.
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I1) Carcinogenic risk

The probabilistic risk value of the entry of As through oral exposure was
2.52E-04 + 7.97E-04, ranging from 4.01E-07 to 3.29E-02 (Table 4.11). The 5th and 95th
percentiles of the CR;,, were 7.85E-06 and 9.48E-04, respectively, which were both
higher than the threshold level of 1E-06 (Fig.4.10). Meanwhile, the CRy., was 5.86E-06
+ 1.43E-05 (ranging from 2.54E-08 to 3.45E-04). It was determined from these results
that the average risk level was mainly through the oral route, accounting for 43 times
the risk of exposure via dermal contact. Since the CR;,; was at a high-risk potential, this
pathway can result in @ major increase of the TCR value. The average TCR value was
2.57E-04. The 95th percentile of the TCR value was 9.50E-04, while the highest risk
level was 3.30E-02. Most of the random values were strongly influential in elevating

the health risk value incurred by ingestion through oral pathways.
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The As proved to be a major contributor to both non-carcinogenic risk and
carcinogenic risk, since the average As in the groundwater appeared at a high
concentration level (16.13 pg/L). Meanwhile, oral exposure was a major route, while
skin contact was a minor route of exposure. Several studies have revealed risk values
in the upper 95th percentiles that put the general population at a high potential of
risk®®’. Epidemiological studies showed that chronic inorganic-As exposure through the
drinking water is correlated with increased risk to the internal organs in the form of
skin, bladder, kidney, liver and/or lung cancer'”. Moreover, five years of As exposure
in only small concentrations can cause hyperkeratosis in the form of pigmentation
changes, skin lesions and hard patches on the palms and soles of the feet before
finallydeveloping skin cancer'’. In the past decades, As-contaminated groundwater
from the effect of tin-mining activity in Ronpibul Sub-district, Nakhon Si Thammarat
Province, Southern Thailand, was found, resulting in adverse health effects in the
people of the area. Meanwhile, the movement of As to the adjacent areas can result
in high As concentrations in the groundwater and a high risk value for those people

who are drinking that water.

The potential risk through groundwater consumption was commonly
affected by exposure factors, such as concentration and IR®. In addition to
groundwater consumption, the accumulative risk associated with As could increase by
the presence of algae, the consumption of rice, chocolate and Thai herbs, and
occupations involving As in their activity'*'***° Kaur et al.!’’ revealed that the
probabilistic approach was a good method and useful for estimating health risks and
providing more information, as compared with deterministic calculation. However,
these results were based on the available information and exposure scenario of these
local residents. Therefore, the probabilistic health risk might change if people have
their groundwater treated before drinking or by considering the other population
groups. Consequently, chronic health effects caused by As-contaminated water could

occur if the As concentration in the groundwater is not reduced.
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) Model Sensitivity Analysis of Risk Calculation

A probabilistic model was applied to estimate the health risk assessment,
while the variance of risk value depended on the variability that occurred because of
changes in the parameter variables. This study used @Risk software for sensitivity
analysis by considering these parameters: C (As and Pb concentrations), IR, ED, ET, SA
and BW, which were used for the assessment of risk via the oral and dermal pathways.
The most influential impact factor on the health risk level can be explained by using
the Spearman Rank correlation coefficient and by including HQ,s and HQp, for the oral
pathway, HQ,, and HQp, for the dermal pathway and CR for both routes of exposure.
The tornado plot indicates the percentage of sensitivity parameters, as shown in Fig.
4.11. In this condition, the greatest impact on the output variable was the As level,
followed by ED and IR, respectively, in both non-carcinogenic risks and carcinogenic
risks, while BW had an inverse impact on the model. A similar study confirmed this
result®. It could explain why a high As concentration, long ED and high IR contributes
to potential health risks. Meanwhile, many studies have reported that BW was inversely
correlated to sensitivity'®'"®1" Notably, a greater body weight tended to decrease
sensitivity. Total body weight does not account for the magnitude of adipose tissue,
muscle mass or lean body weight. The chemical binding with any of the tissues was
widely distributed in the large body compartment, resulting in a low risk, as compared
with the person who has only a small body weight. Therefore, the change of body

weight can influence the tissue compartments and plasma protein binding'®.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusion
This study investigated the As species and Pb concentrations and their
spatial distribution in the groundwater of the Ban Khai District, Rayong Province,

Thailand. From these results, the following conclusions may be drawn:

i) Heavy metals in the groundwater and their spatial distribution:

® As levels were above the WHO guideline of 10 pg/L for drinking water
in approximately 22% of 80 samples, while the Pb levels in all samples

was lower than the WHO guideline of 10 pg/L for drinking water.

® The major sources of As and Pb may originate from mineral weathering
resulting from dissolution caused by silicate weathering. The highest As
value (183 pg/L) may have affected the nearby industrial areas because

of the influence of the groundwater flow.

® The As levels were different in the Qcl and Gr aquifers during the dry
season. High As levels mainly existed in the form of As’" in the Qcl
aquifers. The results of multivariate statistics indicated that the
oxidation condition and pH were the major factors controlling As
speciation.

® The As distribution corresponded to the groundwater flow but did not
differ between the dry and wet seasons. Meanwhile, there was a very
low Pb content in the groundwater, and the contours for both seasons
were similar.

® From the determination of the As species from the field investigation
and calculation by use of Visual MINTEQ, it was shown that As®* was

the dominant speciation in the area.
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The part of the health risk assessment pertaining to the effects of heavy
metal contamination in the groundwater was determined two parts, including i)
bioindicators for exposure assessment and ii) health risk assessment. This part of the

assessment proceeded as follows:

i) Bioindicators in the form of UPb and UAs

® Approximately 98% of all UPb samples were within the normal NIOSH

value of 60 pg/gCr for a healthy adult.

® |n the case of UAs, the participants were sub-divided into two groups,
an L group (people who consumed groundwater with As < 10 pg/L) and
an H group (people who consumed groundwater with As > 10 pg/L).
Most of the UAs samples from the H group exceeded the normal

NHANES value of 50 pg/L.

® The participants in the H group had a positive correlation with their UAs
levels. Otherwise, there were no socio-demographic factors correlated
with the UAs levels in the L or H group. The As concentration-and-
drinking exposure factors (IR, EF, ED and ET) had a major impact by

increasing the UAs level while dermal contact was only a minor factor.

i) Human health risk assessment

® The concentration of As speciation calculated by Visual MINTEQ
modeling was ordered according to the following sequence: HAsO,? >
H,AsOs > HiAsOs> HoASOs> AsOg°> HaAsOg> HAsO5?. The results of a
deterministic health risk assessment of As from Visual MINTEQ and from
the field of investigation were similar in value.

® The Monte Carlo approach indicated that the probabilistic estimated
95th percentile values of the HI and TCR values exceeded the safe

levels of 1 and 107, respectively.
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® The As concentration was the predominant influential parameter for Hl

and TCR, but BW had a negative effect on human health risk.

5.2 Recommendations

Both the deterministic and probabilistic approaches were based on actual
values taken from the questionnaire responses of the residents. The situation was
controlled by the condition that had been set for the year in which data was collected
on both the heavy metals concentration and the exposure parameters. The result of
deterministic risk was an exact value and was shown as a point value, while the result
of the probabilistic method was an estimation interval in which many scenarios were
provided. In the case of health risk management, this scenario was useful and flexible,
depending only on the limitation of the area. However, the predictive risk values can
result in an overestimation. The exposure assessment is useful toward understanding
the association between the source (As in the groundwater) and the receptors (users).
The heavy metals in the urine were presented as a bioindicator of groundwater
exposure. The results showed that a high As level in the groundwater wells was
correlated with high levels of UAs. However, it cannot confirm that groundwater
consumption was a source of As in the urine, because the people could be exposed
to As from other sources encountered in daily life, such as in food, beverage and Thai
herbs. However, there were still no chronically occurring signs from these participants,
and there are none appearing at the present moment. Meanwhile, there were no
cancer-death reports from Ban Khai District; there was no indication of death from such
terminal conditions as chronic renal failure, or liver or lung cancer, anywhere in this
area'®.

On the basis of this evidence, these recommendations are offered:

i) The relevant authorities should make available some alternative water

supply and encourage the local residents to drink from more than one

source, such as by drinking bottled water and water from water-vending

machines. A program of this sort should be directed particularly toward
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those people who have been drinking water from wells with high As
concentrations.

In cases of unavoidable circumstances, effective treatment is needed in
order to reduce the metals concentration. It will be necessary to
consider the component factors and the oxidation-reduction potential,
in particular. Meanwhile, the public health officers should be monitoring
the health effects on the local residents, especially the multiple
internal-organ cancers (liver, kidney, lung and bladder) and skin cancer.
In addition to the participants in the H group, children are a particularly
sensitive group. Their condition should be evaluated for exposure and
a health risk assessment of their well-being should be made for further

study.
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APPENDIX A

Questionnaire in English version

Please fill ¥'in the square according to the true statements concerning yourself

Part I: Socio-Demographic information

1.1 General information

A. Address....... o ol W N BN S eeeecneenenesenen
B. Gender LI Male LI Female L[] Others
C. Agce .. years old
D. Weight ... Kilogram and Height ............ Centimeter
E. How long have you lived in Ban Khai district, Rayong province?

....... years
F. Education L] Elementary L] High school

| Bachelor’s or higher [ | Any other (specified)..........

G. Occupational [ Student
L] Government officer/State enterprises
L] Agriculturist
| Local administration
] Employee
L Any other ..o

H. Number of family members ............. persons
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1.2 Personal health

1.2.1 Do you have the symptoms within these six months?

[ ] Anorexia [ Vomiting

[ Diarrhea L] Bloody urine

[l Convulsions L] Hypertension
[ Fatigue [ Sleeplessness

[ ] Hallucinations [ Arthritis

[ Vertigo || Abdominal pain

L] Any other (specified)........

1.2.2 Alcohol consumption

® Do you drink alcohol?
[l Yes, ever (At present)
[] Yes, ever (Stop drinking)
[ No (skip to No. 1.2.3)

L] FrequencyD < 1 times/week L 1-3 times/week L] > 3 times/week

® Duration time for drinking ....... years

1.2.3 Do you smoke?

® Do you smoke cigarette?
[l Yes, ever (At present)
L] Yes, ever (Stop smoking)
[INo (skip to No. 2.1)

® Frequency [ < 1 times/week L] 1-3 times/week [ > 3 times/week
® Duration time for smoking ....... years

® Do the family members have smoking?

DYes D No
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Part ll: Water Consumption
2.1 Source of drinking water
A. The problem of water resources which you found in the area (You can choose
more than one list.)
| Poor quality [ Lack of water supply for consumption and daily use
I Not enough of water supply | Any other (specified)........
B. What is the source of water which you use for drinking (You can choose more
than one list)?
[] Groundwater supply
|:| Rain
[] Bottled water
[] Groundwater well
| Buying from the drinking water plant in the area
_| Any other (specified).........
C. What is the activity, which you use from groundwater (You can choose more
than one list?)
| Drinking/Cooking L] Bathing  [] Washing some food [ Agricultural
L1 Any other (specified).........ccoovvvmrrrrvrorrrrrens.

2.2 Groundwater consumption
A. How to use the water from groundwater well?
[] Directly from the well [] Storage in the container around ....... months

B. What is the type of container which using for storage water?

[ staintess [J Aluminum [ plastic [ Any other (specified)........

C. Do you use groundwater as a drinking water?

D Yes D No

® How long of groundwater drinking............... Years
® Daily consumption .......cccceeeeeeiennnnnn Liters/day
® The volume of water which you use for cooking ..........ccccceueue.. Liters/day

® Pretreatment before drinking or not?

Ref. code: 25656017320059TGl|



119

_ Yes, by boiling

| Yes, by adding choline

| Yes, by adding alum

| Yes, by other process (specified).........

L] No

D. Do you use groundwater for showering?

D Yes D No

Using for showering/washing
[ IBody [JArmandhand []legandfoot L] Face
® Showering ...ccceeeeveenennne. Times/day
@ IBXROSUIELITIE o R A Minutes/time
® showering [| Bath L] Shower [ Any other (specified).........

® Pretreatment before using or not?

] Yes, by boiling L] Yes, by adding choline
| Yes, by adding alum "l Yes, by other process (specified).........
I No

Duration time for groundwater showering ............... Years

E. Do you use groundwater in agricultural activity?

[ ves [ No (End of question)
® Groundwater using [ | Cultivation [] Farming [] Any other (specified).........

® \What is the most of organ which has the opportunity to expose water during

work?
_IBody [JArm and hand [legand foot L[] Face
® [Exposure time.....ccooveevneeecnnnn. minutes/time

® Duration time for groundwater using for agricultural.............. Years

Thank you
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APPENDIX B

Questionnaire in Thai version

MUY N1FUTHUANUFLWOFUAIMAINAITTYAEAENILAZNINTEEM LUIUIAE

TuiunonetIuA1e 39inszeas Usemelne

wuusauaudayadmivglduiuinaiinanisaulnauilan

¥
o A

A1Yuae wuuaeunuiludiuniwesnudde “nsUsedunnudswoguaInanalsny

a

LAEAZNILAZAITNTEINEFTULIUINNE TUN U D LNBUIUATY TINTASLeDd Useunalne il

e

¢ A D A 9w a a = ]
ngUszasd Wiesiunindayavelduseneunisiiansanlunisussiiuanudg woguainain

q
1%

nslddrunna
wuugeuawil Usznaudaeyadiany 2 dau
dauil 1 deyahluvesimeunuuasuay
1.1 Yoyavhly
1.2 Yayaaunn
daudl 2 dayanislii
2.1 et

2.2 Gayan1slduima

Tnevelifudonuasiudesinaserinaiowing v asludesdmasy auai

Aniuvesiny uagveiusesimmeunlannuuuasuauifoduanudu nsmeuwnsdeya

Jruandluuluy Joyaadflenmsiy lidenleaduseynna
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o onsueulinay (1§ wugeds | O fifudsed L] Taidd
® iunmvau (1§ wugeds | O fifudsed 15
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The land uses map of the study area with sampling points®

12°56'N

12°52'N

12°48'N

12°44'N

101°12'E

101°24'E

Explanation

@® Groundwater sample
w Study area

©  District office
= Main road
~— Local road
— Strcam
C3 Water body

A Tndustrial zone

A\ Closed landfill

101°16'E 101°20'E

Nong Pla Lai
Reservoir

Types of land uses in 2015
I Urban (0.56%)
Paddy field (18.58%)
[ Crop field (15.23%)
"7 Perennial (33.11%)
I :ruit trec (19.24%)
I Forest (13.09%)
B Vater (0.19%)

E

1
12°56'N

1
12°52'N

1
12°48'N

1
12°44'N

10 km
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The charge balance calculation in dry season
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Dry season (n = 39)

well Elevation Cations (mg/L) Anions (mg/L) Charge
No X Y Aquifer depth
w  mamsl v Na K Fe C-  NOy so#  HCco;  Tps  cop  balance (%)
1 751638 1408880 Qcl 22 50 34.53 47.07 13.95 0.16 5.48 <0.001 1.66 339.00 345.60 266.57 4.23
2 751882 1408764 Qcl 104 19 2.95 20.33 4.18 0.79 24.30 <0.001 6.29 43.70 165.12 59.58 -2.60
3 750994 1411235 Gr 98 52 1.07 2.08 1.36 0.02 0.48 <0.001 <0.001 14.20 13.76 134.39 -3.02
[ 753699 1408721 Qcl 24 16 3.31 80.67 6.78 0.02 18.60 0.21 0.09 196.00 272.00 53.57 5.16
5 754289 1414295 Qcl 85 56 10.95 a43.47 2.73 0.01 11.40 0.52 5.28 164.00 200.32 184.90 3.45
7 755583 1416215 Qcl 36 65 7.05 16.52 5.29 43.47 2.51 0.75 <0.001 146.00 280.96 191.41 4.96
8 755. 141. Qcl 80 69 3.58 10.51 3.72 0.01 4.48 <0.001 0.12 63.70 65.92 187.16 1.23
9 749. 141. Gr 128 25 0.15 5.631 12.96 0.03 4.71 <0.001 0.34 24.80 29.63 63.10 4.43
10 758170 1420222 Gr 92 136 3.48 5.85 2.64 0.21 8.58 1.19 378 20.10 44.86 354.26 3.89
11 756958 1420253 Gr 86 45 6.20 14.28 8.85 0.03 25.90 2.20 4.46 122.00 185.60 137.92 4.29
12 758226 1419750 Gr 67.5 71 7.25 33.24 2.86 0.04 21.50 <0.001 17.90 132.00 211.84 207.23 5.59
13 752217 1418938 Gr 73.5 49 10.32 17.33 4.13 0.40 5.07 <0.001 0.00 148.00 177.28 164.83 -4.24
14 756322 1420126 Gr 68 76 451 9.712 4.49 1543 2.38 <0.001 <0.001 74.30 123.01 208.51 -3.38
15 753. 141. Qcl 13 67 1.58 9.132 4.15 3.82 12.40 3.24 0.26 33.00 69.25 173.99 -3.17
16 750716 1415294 Gr 36 17 8.24 9.47 20.81 0.02 10.80 0.32 40.60 74.30 156.80 76.28 3.50
17 749860 1413196 Gr 42 14 2.88 12.49 4.84 0.01 9.07 0.40 4.51 47.20 65.28 46.80 -3.52
18 748992 1411888 Gr 92 60 1.01 24.31 8.98 0.02 25.00 0.12 1.89 57.80 105.86 154.12 -3.77
19 750988 1414991 Gr 94 48 0.71 14.09 6.42 0.01 6.10 0.13 1.50 40.10 46.85 122.90 252
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Dry season (n = 39)

Well Elevation Cations (mg/L) Anions (mg/L) Charge
No X Y Aquifer depth
wmy  mamsU v Na K Fe  C-  NOy so#  Hco;  Tps  cop  balance (%)

20 758598 1418600 Gr 122 28 243 13.45 4.77 0.01 12.00 0.79 19.50 18.90 79.04 79.95 -3.45
21 748430 1415718 Qcl 61.5 21 3.25 96.07 3.40 0.01 2.28 1.13 <0.001 295.00 353.92 65.82 -1.49
22 748328 1418173 Qcl 20 36 2.03 81.73 5.26 0.04 3.03 1.45 4.04 236.00 264.32 98.31 0.46
23 743983 1420430 Gr 37.5 10 12.48 14.42 3 0.01 25.40 1.55 5.80 257.00 316.80 76.17 5.01
24 740997 1418600 Gr 67 74 3.32 6.73 9.92 0.06 5.39 28.30 5.67 22.40 71.36 198.62 -1.70
25 749417 1419896 Gr 150 43 3.67 15.90 11.004 0.02 293 1.20 1.44 83.80 67.71 122.54 -3.73
26 746573 1412495 Gr 99 40 3.60 68.17 5.35 0.01 2.50 0.67 0.09 218.00 239.36 114.76 3.73
27 742754 1421976 Gr 39 47 6.01 12.16 7.88 0.01 6.03 17.50 3.78 63.70 100.80 14212 5.10
28 744299 1410874 Gr 102 18 5.19 19.70 15.19 3.20 2.20 0.00 0.71 132.00 139.52 66.28 0.70
29 742334 1415087 Qcl 30 84 2.90 6.21 1.37 10.20 14.30 <0.001 0.17 236.00 274.56 22191 -1.28
30 745675 1410265 Gr 90 16 431 39.75 16.22 0.21 1.28 0.76 0.39 200.00 225.28 57.68 0.59
31 747769 1409377 Qcl 42 44 2.36 86.2 9.06 0.63 15.00 0.11 5.87 243.00 296.32 119.67 0.72
32 745481 1408570 Gr 124 50 5.22 58.7 19.72 0.42 5.00 1.42 <0.001 262.00 278.40 146.39 2.69
33 745626 1409593 Gr 70 40 2.95 8.55 7.95 0.33 4.43 0.70 1.95 53.10 60.74 112.09 -4.04
34 748020 1410628 Gr 110 35 0.68 15.04 794 0.53 17.00 0.44 3.00 24.80 87.74 90.29 -1.11
35 745924 1411388 Qcl 30 17 8.80 35.07 15.57 0.02 33.70 7.48 35.00 79.10 216.32 78.59 4.00
36 750296 1425381 Gr 114 36 1.29 5.42 4.14 0.01 4.98 13.30 0.08 14.20 36.29 95.28 -3.92
37 753940 1429559 Gr 90 73 5.00 10.08 243 0.07 17.60 0.00 25.10 4.72 111.10 202.99 0.69
38 751161 1420866 Gr 84 35 1.37 10.27 2.51 0.01 16.20 0.22 4.61 17.70 61.31 93.12 -2.09
39 753940 1429559 Gr 100 69 8.93 19.66 3.71 0.01 13.70 0.00 1.38 123.00 179.20 209.10 2.89
40 751177 1420966 Gr 90 48 0.71 8.28 3.02 0.04 9.10 1.29 0.55 16.50 49.02 12293 0.60
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The charge balance calculation in wet season
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Wet season (n = 40)

Well Elevation Cations (mg/L) Anions (mg/L) Charge
No X Y Aquifer depth
™) (m, amsl) Mg Na K Fe cl- NO, S0, HCO,™ TDS o> balance (%)

1 751638 1408880 Qcl 22 50 36.57 56.23 7.70 0.21 108.70 9.11 0.10 329.00 357.12 274.92 -8.89
2 751882 1408764 Qcl 104 19 1153 8.84 24.85 0.01 2335 25.20 379 94.50 167.68 94.79 -5.47
3 750994 1411235 Gr 98 52 0.92 1.02 4.91 0.01 0.23 0.58 0.00 14.20 10.30 133.76 3.80
q 753699 1408721 Qcl 24 16 6.98 3.50 97.19 0.01 4.69 23.40 021 188.00 312.32 68.63 -5.45
5 754289 1414295 Qcl 85 56 771 4.16 67.89 1.56 10.34 13.40 0.11 161.00 198.40 171.62 -4.89
6 752. 141. Qcl 36 33 6.84 1.98 21.41 035 636 18.60 0.001 67.30 1.26 110.56 -5.88
7 755583 1416215 Qcl 36 65 7.64 478 38.81 0.36 15.52 339 0.001 117.00 194.56 193.83 -5.13
8 755 141 Qcl 80 69 4.99 3.68 2652 0.02 836 554 114 73.80 65.92 192.95 -4.22
9 749 141 Gr 128 25 2.96 0.06 6.84 0.01 0.24 524 0.00 28.50 28.22 74.64 433
10 758170 1420222 Gr 92 136 10.53 18.07 81.36 0.39 4357 13.20 0.00 183.00 257.92 383.18 -3.69
11 756958 1420253 Gr 86 a5 11.83 16.69 72.83 0.06 51.01 30.70 2.09 154.00 227.84 160.98 -5.50
12 758226 1419750 Gr 675 71 12.70 13.38 46.65 0.18 36.71 27.90 0.001 157.00 22656 22957 -2.60
13 752217 1418938 Gr 735 49 7.42 17.52 53.67 0.16 14.18 528 0.001 157.00 159.36 152.94 -1.99
14 756322 1420126 Gr 68 76 5.09 1454 2438 0.15 6.16 6.02 0.19 88.10 120.19 210.86 3.42
15 753. 141. Qcl 13 67 6.29 067 9.90 0.02 577 15.50 0.39 29.80 67.46 193.30 501
16 750716 1415294 Gr 36 17 20.81 336 8.06 0.01 36.88 16.00 0.59 118.00 198.40 127.82 5.96
17 749860 1413196 Gr 42 14 471 3.96 22.13 3.70 357 19.80 0.20 81.60 136.32 54.32 3.14
18 748992 1411888 Gr 92 60 9.48 0.46 21.25 0.02 378 28.20 0.09 47.90 121.60 188.88 336
19 750988 1414991 Gr 94 48 634 032 574 0.04 1.45 6.92 0.13 3240 10.56 145.99 4.75
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Wet season (n = 40)

well Elevation Cations (mg/L) Anions (mg/L) Charge
No X Y Aquifer depth
) (m, ams0) Mg Na K Fe - NO; soZ  HCO; DS coy  balance (%)

20 758598 1418600 Gr 122 28 4.56 1.10 4.01 0.30 1.60 10.20 4.78 14.20 71.68 88.70 3.52
21 748430 1415718 Qcl 61.5 21 17.80 9.97 121.50 0.03 5.40 1.97 0.62 312.00 368.64 125.48 3.35
22 748328 1418173 Qcl 20 36 12.07 6.77 110.70 0.06 4.68 3.62 0.43 254.00 280.96 139.47 4.36
23 743983 1420430 Gr 37.5 10 43.00 13.87 42.19 0.26 105.00 31.30 1.25 303.00 350.72 201.30 -4.82
24 740997 1418600 Gr 67 74 8.14 1.64 4.61 0.08 535 5.85 26.10 18.10 72.32 218.39 2.09
25 749417 1419896 Gr 150 43 791 2.50 14.65 0.08 243 3.03 0.80 73.80 69.76 139.92 -5.12
26 746573 1412495 Gr 99 40 12.90 6.78 82.46 0.46 11.60 1.85 0.61 241.00 245.76 152.88 -5.36
27 742754 1421976 Gr 39 a7 12.24 295 20.47 0.16 12.84 6.14 11.70 T77.70 129.92 167.69 4.52
28 744299 1410874 Gr 102 18 15.23 4.64 23.40 0.01 13.82 1.93 0.001 141.00 158.08 107.44 -5.46
29 742334 1415087 Qcl 30 84 34.99 6.40 34.89 0.24 69.92 12.80 0.47 220.00 307.20 353.45 -0.71
30 745675 1410265 Gr 90 16 16.21 2.29 44.07 0.01 18.34 1.24 0.39 192.00 204.80 106.46 4.45
31 747769 1409377 Qcl a2 44 19.48 3.81 83.00 0.14 10.04 10.90 0.20 275.00 353.92 189.87 -3.46
32 745481 1408570 Gr 124 50 30.30 3.58 7293 0.15 27.84 4.10 0.74 285.00 277.12 249.23 1.78
33 745626 1409593 Gr 70 40 8.03 1.45 10.19 0.06 3.41 4.94 0.87 60.90 69.76 132.94 -5.45
34 748020 1410628 Gr 110 35 5.19 0.34 17.80 0.06 0.63 24.30 0.50 32.40 73.60 108.76 5.04
35 745924 1411388 Qcl 30 17 9.81 2.96 67.67 0.01 13.46 20.50 593 167.00 238.72 82.72 2.85
36 750296 1425381 Gr 114 36 212 0.65 6.65 0.04 217 6.25 14.90 18.10 207.62 98.70 -4.27
37 753940 1429559 Gr 90 73 41.32 38.28 28.87 1.83 76.02 24.60 1.29 363.00 4.57 351.90 4.32
38 751161 1420866 Gr 84 35 3.36 1.74 7.06 0.23 8.78 15.10 0.19 18.10 91.52 101.26 5.69
39 753940 1429559 Gr 100 69 7.56 10.77 14.81 0.17 10.52 22.80 0.00 76.40 104.32 203.51 -4.38
40 751177 1420966 Gr 90 48 1.37 8.29 0.01 2.68 9.74 242 0.49 24.60 43.52 125.61 -1.82
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APPENDIX F

List of 40 groundwater samples

No. X Y Explanation
1 751638 1408880 wyjfl 01 Yaaiumany sua uesazaon
2 751882 1408764 wyjit 04 thumdu shua mdy
3 750994 1411235 vy 03 TsaiSeufemuesaenmy 12903/1763-31 sua mdu
4 753699 1408721 il 07 thuvuesazuun (agwiad) sua sdu
5 750289 1414295 wifl 03 quelfinidntihursiiu (A78802) shua winun
6 752. 141. ﬂmaﬂ- (Yodus) fiua Unueney
7 755583 1416215 33 1 06 U1umULINI fd1ua ¥INUN
8 755 141 vyjfl 06 7 (Vo) Uruvuaswdl diua ¥1nun
9 749 141 @mn‘j (Yaghush) sivuatiueng
10 758170 1420222 vi#l 11 UTuvgeng Fua UINYAS
11 756958 1420253 agj' 1 04 aun.UIYAT (UungI8) (A46BO4) Fua UNYnS
12 758226 1419750 Wil 12 thuwnidn dua uieyms
13 752217 1418938 w1 01 IsaSeuthumnuzma fua U1syns
14 756322 1420126 Wil 04 Tusrsnnli dua uieyms
15 753. 141. @mﬁ- (Uadauda) fua ¥1nun
16 750716 1415294 wyjfi 02 thusaesihg fua thusne
17 749860 1413196 Wil 06 AduAMLFINTHMINAULNTIY 3.6 siua Tude
18 748992 1411888 g‘ﬁ 05 lsaseuintuany (A67804) fua Unudney
19 750988 1414991 wifl 03 Anszunduiis (Vo 1) (A81B01) sua Truee
20 758598 1418600 wiffl 04 JAnusanszUen fua uesazaDN
21 748430 1415718 wffi 02 thunselum fiua nussazaen
22 748328 1418173 wyjfl 01 Yameudums (A56B02) siua vussazaen
23 743983 1420430 vyl 01 Fnenunan dua mussazaen
24 740997 1418600 v 10 TssSeumaiiatihuane siua nussazasn
25 749417 1419896 mg‘ﬁ 07 UszUthusmans (A75804) frua vuesazaen
26 746573 1412495 viy#1 05 lsasguinuAuilu d1ua videdazaen
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No. X Y Explanation

27 742754 1421976 vl 09 Thudetns fhua uesazaen
28 744299 1410874 v 04 TrutnUaUe 1) ( A58B03 ) Fua MUBIRE N

3
29 742334 1415087 il 06 Thumaesuansld fua nussnywIy

30 745675 1410265 wu#t 04 UM AUBINZWIU(UD 1) ( A38B03 ) A1UA NUDINZNIU

3y
31 747769 1409377 mﬁ' 01 Ui FUa UBInENIY
32 745481 1408570 mﬁ 03 Urunueangn1u ( A38B05 ) AU NUBIATNIY
33 745626 1409593 il 04 TsaiSouthumuesay iy siua nusInzmIy

30 748020 1410628 ¥l 02 thutila (Ue 1) ( A38B04 ) fiua MUBdngmIL

4
35 745924 1411388 ‘1/133"1'71' 05 UIULVALLTAE FTUa BRI
36 750296 1425381 it 02 thuvuesuailva (Ue 2) (A66B06 ) fua vuesii

05 U918 AI1Ua KUBIU

=<

37 753940 1429559 Wy

38 751161 1420866 %

)}

06 InUsENUNNE (A76B02 ) firua wueat

3
39 753940 1429559 v 05 lseseuinuining dua el
y

40 751177 1420966 %yl 06 lsuseuinusenun1g fva e

Noted: Black shading due to the personal data protection policy
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APPENDIX G

List of 22 groundwater samples

As in groundwater

No. X Y Explanation
(pg/L)
1 752 141 56.01 (Uodius) sirua Unuane
2 755 141 2.38 (Uodiusn) U1unuesni sua snun
3 749 141 0.52 (Uodius) firua Unuane
4 758170 1420222 9.08 ‘VQJJ 11 TIUMLLS FIUa UNYAT
5 756958 1420253 0.49 ‘Viidl 1 04 aun.uaYas (Urunele) (A46B04) fiua Uyns
6 758226 1419750 20.72 ‘1/1 12 JunnLan fiua UNYAT
7 755583 1416215 17.86 W,ﬁ 06 UTUNUBINIT FUA BINUN
8 749860 1413196 47.33 Wil 06 auALNINTZAIMINFUNINTIY 1.6 fua Truee
9 748430 1415718 10.03 mﬁ 02 Uhunsglun Mva wuesazasn
10 748328 1418173 31.94 mgﬁ 01 Innauiuns (A56B02) fiua Nuawmeasn
11 743983 1420430 7.88 WY1 01 TRaIunay Mua viuedazaen
12 749417 1419896 171 mﬁ 07 UszUthumans (A75804) fua niussazasn
13 746573 1412495 7.65 mﬁ 05 TsaFsutnuAuiiu fva wussazasn
14 742754 1421976 135.63 M1 09 U819 Aua Muesazaen
15 744299 1410874 0.78 mﬁ 04 Trutntn (Us 1) (A58B03) FinUa MUBIRZNIU
16 742334 1415087 0.33 ‘V‘id' 7 06 UuAaDIURNLA FIUA KUDINENIY
17 745675 1410265 0.79 Y 71 04 puR.MUBINENL(UD 1) (A38B03) fua MuBImEWIU
18 747769 1409377 0.62 mﬁ 01 U7ULNNE AU NUDINZNIY
19 745481 1408570 0.34 mﬁ 03 Uuvueangu (A38B05) AU MUBIMENIY
20 748020 1410628 0.84 v 02 bl (e 1) (A38B04) frua wuesngwu
21 745924 1411388 1.63 mﬁ 05 UNuLviadLiies ATUa UlBINENIU
22 750296 1425381 0.34 it 02 thumuesuatlva (Us 2) (A66B06) finua viuatn

Noted: Black shading due to the personal data protection policy
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APPENDIX H
List of 110 participants

Well No. Name Sub-district X % UAs (ug/L) UPb (pg/eCr)
1 UuAY 752 130.86 30.49
2 YINUN 755 33.91 30.57
3 UuANY 749 33.93 33.18
q NUDINE 754 31.16 25.93
q NUDINE 758 22.87 26.041
5 PUDINEI 756 44.57 30.55
5 PUDINEI 756 22.53 38.86
5 NUDINE 756 44.69 23.45
6 YINLAN 757 86.13 33.76
6 PIEN 758 65.81 32.57
6 AN 758 178.34 44.59
6 YINLAN 757 52.23 22.95
6 YINLAN 758 105.25 59.11
6 PINLAN 758 114.96 33.87
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Well No. Name

c© 0 © 0 0 00 0 0 0 © 0 0 ~N N N o oo o

Sub-district X UAs (ug/L) UPb (ug/sCr)
YINLAN 758 111.77 37.76
AN 758 76.95 32.79
PINLAN 758 154.35 54.52
LINUA 753 135.65 42.31
LYIAUN 753 56.14 49.82
LINUA 755 145.32 32.51
UuAY 749 139.82 65.49
UuAe 749 105.08 19.85
YA 749 72.18 15.32
UuAY 749 7251 24.82
UuAY 749 90.09 20.73
UuAg 749 93.86 44.65
UuAg 749 106.4 17.68
UuAY 749 60.79 20.96
UuAY 749 118.66 33.33
UuAY 749 59.46 29.54
YA 749 118.46 37.89
UuAe 749 68.48 48.7

Ref. code: 25656017320059TGl



135

Well No. Name

O O O O

10
10
10
10
10
10
10
10
10
10
10
10
10

Sub-district X UAs (ug/L) UPb (ug/sCr)
e 748 53.46 10.85
Aoy 748 57.57 33.71
Ay 748 94.08 18.81
MUBIALIL 747 135.02 11.74
Rttty 748 55.52 12.76
Ay 748 58.33 55
Ay 748 147.14 92.11
At 748 56.29 2551
Ay 748 108.85 40.9
Ay 747 85.4 11.76
Ay 748 80.54 35.09
Ay 748 304.54 34.99
ey 747 78.75 56.69
Ay 748 213.17 38.5
ey 748 37.86 24.42
AapsiLiy 748 60.91 37.19
AapsiLdy 748 66.79 16.11
ALy 748 84.82 20.19
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Well No. Name Sub-district X UAs (ug/L) UPb (ug/gCr)
10 e 747 350.09 20.73
10 Aaeify 749 76.59 40.9
10 Ay 748 58.75 17.86
10 ey 748 119.22 228
10 Rttty 748 87.41 17.13
1 Ay 744 72.92 18.41
1 Ay 744 111.75 16.56
11 Aoy 747 61.75 16.19
11 Ay 744 66.89 39.79
12 avmshs 748 53.51 50.09
12 avshs 748 62.55 34.21
12 avuMI3hs 747 45.3 40
12 Azl 748 80.3 19.82
12 Azl 749 42.39 41.27
13 UuRULY 746 9.32 34.82
13 VALY 746 73.09 30.94
13 ULy 746 16.1 37.05
13 VALY 746 13.32 28.08
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Well No. Name

14
14
14
14
14
14
14
15
15
16
16
17
17
17
17
18
18
18

Sub-district X UAs (ug/L) UPb (ug/sCr)
nyjUnuiEs 742 600.76 34.79
nyjUnufEs 742 583.14 59.76
P RTRMT PR Tk 744 51.96 23.65
P RTRMT PR Tk 742 54.72 40.6
nyjUnufgs 742 117.49 22.19
U I0ENS 742 95.67 31.58
U I0ENS 741 161.16 16.29

NUBINTNIU 744 38.31 11.58

NUBINTNIU 744 130.76 34.31

RUBIRTNIU 742 42.02 59.76

RUBDIRENIU 742 106.68 22.56

NUBINTNIU 745 19.75 6.44

NUBINTNIU 745 38.96 34.18

RUBIRTNIU 745 21.16 14.32

RUBIRTNIU 745 24.16 50.66

NUBINTNIU 747, 16.46 13.16

NUBINTNIU 747, 57.87 34.84

NUBIRZNIU a7 30.12 27.45
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Well No. Name Sub-district X Y UAs (ug/L) UPb (ug/gCr)
18 NUDINTNIU 748 53.56 7.16
18 NUBDINTNIU 747 59.05 32.44
18 NUDINTNIU a7 54.09 42.3
18 NUDINTNIU a7 113.77 33.1
18 NUBIRZNIU 747 58.5 42.73
19 NUDINTNIU 745 41.98 38.65
19 NUDINTNIU 745 5.74 43.9
19 NUBIRZNIU 745 87.4 20.65
20 NUBIFZNIU 745 29.8 21.42
20 NUBDINTNIU 745 16.97 25.79
20 NUBDINTNIU 748 40.9 58.26
20 NUBIRZNIU 748 33.26 30.91
20 NUBIRZNIU 747 41.93 21.79
20 NUBDINTNIU 748 5.38 42.22
20 NUBDINTNIU 748 33.89 22.44
20 NUBIRZNIU 748 121.91 39.17
20 NUDINENIU 748 100.83 22.77
21 NUDINTNIU 745 11.25 19.56
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Name

Well No.
21 1981701
21 WYY
21 UNGRHE
21 UV
22 U85
22 wely

Sub-district X UAs (ug/L) UPb (ug/sCr)
NUDINZNIU 745 25.95 20.43
NUDINZNIU 744 44.71 40.69
RUDINZNIU 745 51.06 48.25
RUDINZNIU 746 121.77 26.93
NUBI? 750 23.02 39.85
MBI 750 34.63 47.14

Noted: Black shading due to the personal data protection policy
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Input parameters for deterministic of As species (Visual MINTEQ software)
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No. pH Temp As®"  As®"  (Ca™ cl COs* Fe K* Mg*? Na*  NOs  SO,©  ORP
1 6.37 29.2 47.12 8.89 4.07 6.36 110.56 0.35 2141 6.84 1.98 18.60  0.001 -46.70
2 6.43 29.2 0.300 2.39 5.34 6.42 190.06 0.015 15.12 4.29 7.10 5.54 0.63 23740
3 549  30.2 0.300 0.522 1.94 2.48 68.87 0.02 9.90 1.56 2.85 5.24 0.17 176.80
4 6.82 33.35 1.19 7.90 5.06 26.08 368.72 0.3 42.00 7.01 11.96 7.20 1.89  160.75
5 6.85 30.65 0.37 0.267 2232  38.46 149.45 0.045 40.84 9.02 15.49  16.45 3.28 243,90
6 7.24 327 0.621 20.24 2432 29.105 218.4 0.11 2476 9.98 2331  27.90 8.95  220.55
7 6.96 298 15218 2.64 16.34  9.015 192.62 21.92 22.05 7.35 10.65 2.07 0.001 -1344
8 7.48 30.25 0.846 46.98 2.01 11.65 61.1 0.015 51.99 5.15 42.09 11.81 0.15  268.25
9 7.92 30.85 0.989 9.19 8.91 3.84 95.65 0.02 6245 10.53 53.02 1.55 0.62 22240
10 8.62 3095 0.714  31.37 8.68 3.86 118.89 0.05 5798 7.05 44.25 2.54 224 230.15
11 734 29.2 1.92 5.96 63.26 65.2 138.74 0.135 22.60 27.74 14.15 16.43 3.53 22240
12 6.82 29.65 0.300 1.71 1.90 2.68 131.23 0.05 12.83 5.79 9.2 2.115 1.12  222.40
13 7.76 29.15 2.20 5.60 9.41 7.05 133.82 0.235 4391 8.25 37.48 1.26 0.35  230.15
14 6.62  30.6 11.09 12454 10.14 9.44 154.91 0.085 14.18 9.125 7.56 11.82 7.74 22240
15 7.32 3195 0.43 0.492 9.78 8.01 86.86 1.61 19.30 10.21 12.17 0965 0.356 230.15
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No. pH Temp  As** As* Ca*™ cl CO4”~ Fe K Mg*2 Na* NO; SO  ORP
16 7.16 29.40 0.300 0333 5276 4211 287.68 522 1813 1895 631 128 032 22240
17 811 3075 0300 0.792 2335 981 82.07 0.11 30.15 1026 21.02 100 039 230.15
18 764 307 0300 0623 1150 1252 15477 0385 46.03 1092 4501 551 304 22240
19 808 303 0300 0336 2416 1642 19781 0285 4633 1776 31.14 276 074  230.15
20 601 2965 0734 0258 176 8815 9953 0295 1287 2935  7.69 1237 175 230.15
21 7.60 30.10 0.300 163 1816 2358  80.66 0015 4162 931  19.02 1399 2047 222.40
22 540 2995 0300 034 429 358 96.99 0025 540 1705 304 978  7.49 230.15
Average 7.09 3039 392 1241 1497 1575 14633 142 3008 9.17 1938 862 296 19520
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