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DEVELOPMENT OF WATER QUALITY INDEX OF EX-MINING PONDS IN
MALAYSIA

ABSTRACT

Assessment of the water quality of ex-mining ponds for its proper utilization is pertinent
considering the metal pollutants, and lack of proper environmental measures associated
with the mining operations. Water samples from selected lakes in the Central Region of
Peninsular Malaysia (Selangor and Negeri Sembilan) and Malacca from the Southern
part were analysed in-situ for pH, DO, SS, EC, BOD, AN, and TDS; while metal
elements including As, Cd, Pb, Mn, Fe, Na, Mg, and Ca were analysed off-site using
inductively coupled plasma mass spectrometry and verified via certified reference
materials. The variations in these water quality parameters were explored with
chemometric techniques. The results from the principal component analysis, factor
analysis and hierarchical cluster analysis suggested that in addition to the degree of
contamination, the variations in heavy metal concentrations were mainly attributed to
the ex-mining activities, whereas deviations in BOD, TDS, AN, and EC were subjected
to the current domestic inputs. The linear discriminant analysis showed that water
samples from the ex-mining ponds were highly associated with the concentrations of
Mn, Cd, Ca and As; the model constructed with the training set gave a precise
prediction with R? = 1.000, with no misclassification shown with the validation set. In
Klang Valley, ex-mining ponds generally show low pH compared to the other lakes; the
As and Cd levels recorded in most of the ex-mining ponds surpassed the limits of the
Malaysian Water Quality Standard which make them unfit for domestic uses. A study of
man-made lakes in Melaka and Negeri Sembilan revealed basic pH and low metal
concentrations (below the reference values) in which As, Mn, and Mg were associated

with ex-mining ponds while pH and Na were associated with other lakes. In this case,



the high positive loadings of pH, DO, Ca, and TDS on principal component 1 suggests
the absence of significant anthropogenic input. Overall, the differences in geology and
domestic inputs into the ex-mining ponds significantly affect the water quality and
results in variation in the levels of metals and physical-chemical parameters. The
associated health risk via ingestion and dermal contacts were also modelled using
Monte Carlo simulation and the estimated carcinogenic and non-carcinogenic risks for
both adult and children were compared with their benchmarks. Water quality index was
then formulated based on the Malaysian Water Quality Standard and results from
chemometric analyses were applied in the parameter selection so as to minimize
subjectivity; consequently, As, Cd, Pb, pH, DO, BOD and AN were chosen. The index
was applied for the evaluation of water quality of the above mentioned lakes where
most of the ex-mining ponds in Klang Valley were classified as very polluted, while

those in Melaka and Negeri Sembilan were rated as excellent.

Keywords: Water quality, Ex-mining ponds, Lake, Chemometrics, Metals.



INDEKS KUALITI AIR BEKAS KOLAM PENAMBANGAN DI MALAYSIA

ABSTRAK

Penilaian kualiti air kolam bekas lombong untuk kegunaan yang bersesuaian adalah
penting memandangkan wujudnya pencemaran logam dan kurangnya langkah-langkah
mesra alam berkaitan dengan operasi perlombongan. Sampel air dari tasik terpilih di
Wilayah Tengah Semenanjung Malaysia (Selangor dan Negeri Sembilan) serta Melaka
dari bahagian selatan dianalisis secara in-situ untuk pH, DO, SS, EC, BOD, AN, dan
TDS. Analisis unsur logam termasuk As, Cd, Pb, Mn, Fe, Na, Mg, dan Ca dilakukan di
makmal dengan menggunakan alat plasma gandingan induktif-spektrometri jisim dan
disahkan dengan bahan rujukan yang diperakui. Variasi dalam parameter kualiti air
tersebut diteroka menggunakan pelbagai teknik kimometrik. Keputusan daripada
analisis komponen utama dan analisis kelompok hierarki menunjukkan bahawa selain
daripada tahap pencemaran, variasi dalam kepekatan logam berat juga berlaku
disebabkan oleh aktiviti bekas perlombongan, manakala sisihan dalam BOD, TDS, AN,
dan EC pula tertakluk kepada input domestik semasa. Analisis diskriminan linear pula
menunjukkan bahawa sampel air dari kolam bekas lombong mempunyai korelasi
dengan kepekatan Mn, Cd, Ca, dan As; model yang dibina dengan set latihan memberi
ramalan tepat dengan R? = 1.000, tanpa sebarang kesalahan klasifikasi berdasarkan set
pengesahan. Di Lembah Klang, secara umumnya kolam bekas lombong menunjukkan
pH rendah berbanding dengan tasik lain; tahap As dan Cd yang terekod di kebanyakan
kolam bekas lombong tersebut melepasi had Piawai Kualiti Air Malaysia, yang
menjadikannya tidak sesuai untuk kegunaan domestik. Kajian tasik buatan manusia di
Melaka dan Negeri Sembilan pula mendedahkan pH bes dan kepekatan logam yang
rendah (bawah nilai rujukan) di mana kepekatan As, Mn, dan Mg dapat dikaitkan

dengan kolam bekas lombong manakala pH dan Na dikaitkan dengan tasik yang lain.



Dalam kes ini, muatan positif tinggi pH, DO, Ca, dan TDS ke atas komponen utama 1
menggambarkan ketiadaan input antropogenik yang ketara. Secara keseluruhannya,
perbezaan dalam geologi dan input domestik ke atas kolam bekas lombong memberi
kesan yang ketara terdahap kualiti air dan menyebabkan perubahan dalam tahap logam
dan parameter fiziko-kimia. Risiko kesihatan susulan dari pengambilan dan sentuhan
kulit dimodelkan dengan simulasi Monte Carlo dan anggaran risiko karsinogenik dan
bukan karsinogenik untuk kumpulan dewasa dan kanak-kanak dibanding dengan
penanda aras masing-masing. Indeks kualiti air kemudiannya dirumuskan berdasarkan
piawaian Kualiti Air Malaysia, dan berdasarkan penemuan di atas, pendekatan
kimometrik telah digunakan dalam pemilihan parameter supaya dapat mengurangkan
subjektiviti di mana As, Cd, Pb, pH, DO, BOD dan AN telah dipilih. Indeks ini telah
digunakan untuk penilaian tasik yang dinyatakan di atas di mana sebahagian besar
kualiti air kolam bekas lombong di Lembah Klang telah dikelaskan sebagai sangat

tercemar, manakala kualiti air di Melaka dan Negeri Sembilan adalah sangat baik.

Kata kunci: Kualiti air, Kolam penambangan, Tasik, Kimometrik, Logam.
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CHAPTER 1: INTRODUCTION

Water quality illustrates the state or condition of water incorporating physical,
chemical and biological characteristics, with respect to its acceptability for a specific
purpose (WHO, 2011). Good quality drinking water has become a scarce commodity
due to rapid growth in industrialization and continuous increase in population. The
environmental status of lakes depends upon the type of the lake and its exposure to
various factors in the environment. Hence, the quality of surface water depends not only
on natural environmental processes such as weathering, erosion and precipitation, but
also on the influence of anthropogenic activities including urban, agricultural and

industrial activities (Papatheodorou et al., 2006).

Industrial activities like mineral and ore processing generate pollutants into the
environment. Accumulation of the pollutants in water bodies is a threat to humans,
plants and animals (Nazir et al., 2015). The impairment of water quality and pollution
of adjacent rivers and lakes with heavy metals as the environmental effect of mining has
been reported in many countries among which are Malaysia, Serbia, Spain, and Kenya
(Ashraf et al., 2011b; Atanackovic et al., 2013; Navarro et al., 2008; Ngure et al., 2014).
The absence of environmental protection laws in Malaysia’s mineral exploration
industry leads to the destruction of natural habitat. Introduction of the mining enactment
act in the year 1934 enforces some environmental standards; such as the law that
required the tin mining companies to conduct rehabilitation of the mined excavated land
(Balamurugan, 1991). But still there are hundreds of abandoned ex-mining ponds in
Malaysia with large volume of water which quality and safety is of much concern. The
extent of water contamination with respect to water quality determinants can be

established using multivariate statistical analysis and parameter responsible for the



deterioration of water quality can be identified, and the level of the pollutants compared

to Malaysia’s interim national water quality standards (INWQS).

1.1 Mining in Malaysia

Mining is the selective removal or extraction of precious minerals from the earth’s
crust usually from their ores (Norgate & Haque, 2010). Tin mining was mostly
practiced in Malaysia by the 19" century, particularly in Selangor which accounted for a
large portion of the total country’s output. The common ore mined was cassiterite
(SnO,) (Balamurugan, 1991). The tin mining had dominated Malaysia’s mineral
industry with an output of 61,404 tons in 1980 estimated at hundreds of million dollars,
thus the major foreign exchange earner for the country (Ashraf et al., 2015). The
booming mining operation contributed positively to the economic development of
Malaysia as one of the world’s largest tin producer. However, mining activity results in
environmental degradation and consequently left abandoned mines characterized by
large holes or man-made lakes (Yaacob et al., 2009). Western peninsular Malaysia was
known to experience the extensive mining operation (Takaijudin et al., 2012a). The
existence of hundreds of abandoned ex-mining ponds, mostly in Selangor is one of the
consequences of extensive and uncontrolled mining operation during the 19" century.
There are about 442 ex-mining ponds in Bestari Jaya, many are spread in Puchong, and
Kelana Jaya in Selangor with 13,667 hectares of mining land (Balamurugan, 1991;
DMG, 2003; Yap et al., 2005). Consequently Selangor and Melaka states of the western

part of peninsular Malaysia were selected as the case study in this research.

1.1.1  Water Pollution in Ex-mining Ponds
Malaysia has the world’s largest reserve of tin and other heavy metal ores which are

consequently released to the environment, specifically the water bodies (Murcott, 2012).



The increasing public outcry that mining has left derelict sites, huge post-mining lands
appear to be a serious obstacle to sustainable development in many countries of the
world which had mining industries. After the commencement of mining operation in
Malaysia, the authorities could not focus on the environmental hazards especially heavy
metal pollution. The enactment of the mining code of Negeri Sembilan (1895) imposed
that slime and sand obtained from hydraulic mining be retained or dumped in old
mining holes, and only fine slimes could be discharged into rivers without giving due
consideration to the metal pollutants introduced. The Selangor mining act no. 19 (1901)
directed that water used for mining must be free from sand, gravel, sludge, dirt, and
tailing before being discharged to the environment, yet no attention was given to the
heavy metal contents.

Water pollution due to mining operation later received much attention, mainly
related to the widespread contamination due to improper mining management (Kemp et
al., 2010). The extensive pollution witnessed in the areas with mining and ore extraction
industry often appears not to have a contemporary origin, but a consequence of previous
activities (Paulo, 2005). Abandoned mining sites cause substantial impairment to water
quality worldwide (Fields, 2003). After mining operations had ceased, oxygen-rich
groundwater floods abandoned mining areas and can promote oxidation of pyrite (FeS;)
and other metal sulfide minerals, producing acidity and releasing co-occurring trace
metals (Younger et al., 2002a). The acid mine drainage (AMD) containing harmful
pollutants (heavy metals) formed during and after the mining operation is a major threat
to the environment (Akcil & Koldas, 2006). The heavy metals associated with ex-
mining water are As, Pb, Cd, Mn, Cu and Zn; other physical-chemical parameters are
pH (high or low depending on the geology of the mines), high electrical conductivity
(EC), total dissolve solid (TDS), and low dissolved oxygen (DO) (Ashraf et al., 2010;

lavazzo et al., 2012). Arsenic (As) was found to coexist with tin ore in the mining areas



of Malaysia (Ismail, 1973). As concentration was reported in high concentration near
the mining sites, abandoned mining ponds therefore pose a threat and contribute to high
arsenic concentration in drinking water (Murcott, 2012). High As concentrations was
detected in a well water near a tin mining area in Malaysia where 3 cases of cutaneous
lesions related to arsenical poisoning were discovered (Jidon, 1993).

Most of the ex-mining ponds in Malaysia are used for recreational activities, flood
retention or to receive domestic effluent from the surrounding residences (Ghani et al.,
2008; Takaijudin et al., 2012a; Yap et al., 2005). The activities around the catchments
will also influence variations in water quality of the ponds (Boyd, 2015). The
concentration of the metals in ex-mining ponds can increase (due to evaporation and
concentration, and flow of industrial wastes or effluents) or decrease (due to dewatering,
flow of rain water “flood retention” and domestic effluents). It is therefore of most
importance to carefully study the activities around the ex-mining ponds.

Malaysia has adequate rainfall and abundant water resources, but yet facing water
quality problems and shortages (Aini et al., 2007). The increasing demand for a
sufficient water supply, especially in drought season lead to a search for alternative
water resources, and a suggestion was made by the Selangor authority to utilize water
from ex-mining ponds for human consumption and domestic purposes through
conventional water treatment processes (LUAS, 2008, 2012). This resulted in arguments
and media hype on the safety of ex-mining water considering the metal pollutants
associated with mining operations (Low et al., 2016), especially considering its potential
to retain the metals at elevated levels for centuries or even millennia after the closure of
the mine (Younger & Wolkersdorfer, 2004). The ex-mining water was used in the year
2014 in Kuala Lumpur as an additional water source without giving due consideration
to the health risks associated with the exposures (Daniel & Kawasaki, 2016), as at high

exposure level even low metal concentrations could pose a health threat to humans. And



exposure levels of some heavy metals, especially Cd were found to be below what was
previously expected (Chen et al., 2014; Jarup, 2003).

A new project, “Hybrid off-river augmentation system (HORAS)” has commenced
on a small scale in Selangor which drain water from ex-mining ponds into the river, and
to the water treatment plant to support the additional raw water supply and to meet up
with the increasing demand of 2670 million liters per day (Kusin et al., 2016). Similarly,
the government authorities in Melaka identified an ex-mining pond “Tasik Biru Chin
Chin” to be utilized and meet up with the daily water supply of 500 million liters by the
year 2017 (Azzlan et al., 2016). This became necessary due to the very low water level
at the two major sources of water supply in Melaka, the Jus reservoir and Tasik Durian
Tunggal. Therefore the need arises to carefully and intensively analyze and confirm the
levels of metals in the ex-mining ponds and evaluate the health risks before its

utilization for beneficial purposes.

1.2 Water Quality Index (WQI)

The index approach in the assessment of water quality is regarded as a simple and
concise means to express water quality, taking into consideration numerous key water
quality parameters that are aggregated to represent the overall quality of a water body
(Tyagi et al., 2013). WQI is a concept which allows for reporting of water quality by a
single numerical index, with respect to the use for which the water is intended. It
reduces a sizable amount of data of numerous water quality parameters to only one
number in an easy, objective and consistent manner. The index approach permits for
significant spatial and temporal trends to be established and incorporate the effects of
the different pollutants present. Hence water quality index not only presents a point of
reference for water quality, but can also show the effect of the possible changes on

water use of the aquatic ecosystem.



WQI creates a standard, and water quality standard plays an extremely important
role in water resource management framework. There may be differences in the goal,
approaches, legal framework, and methodology, nevertheless, the ultimate aim of the
entire water quality standard is to ensure the water resources are being protected in a
sustainable manner (MERC, 2012). WQI is a means to convey information on the status
of water quality to the consumers and policy makers for the evaluation and management
of surface water (Udom et al., 2016). The Malaysia Department of Environment (DOE)
applies WQI to assess the water quality status of rivers, but the index can not
accommodate lakes and ex-mining ponds. Considering that lakes are few, and most
lakes in Malaysia are ex-mining ponds that are mostly polluted with high concentration
of toxic heavy metals especially As (Ashraf et al., 2011b; Ashraf et al., 2010; Ashraf et
al., 2015; Chang et al., 2008; Orji et al., 2014; Sharip & Zakaria, 2007), there is a need
to develop an index that accommodates the heavy metals in order to adequately monitor
ex-mining ponds and other existing lakes for effective management and possible

utilization.

1.3 Risk Assessment

Risk assessment is a systematic quantitative identification and evaluation of variables
that have potential risks associated with a projected activity, involving an understanding
of the sources, pathways and the target (Yilmaz, 2011). The information on risk
assessment is essential for decision makers to create policies and protect the health of
the population (Sobus et al., 2011). The concept of risk assessment is mostly applied in
studies related to environmental pollution. The risks in pollution of the environment
beside natural sources could be from anthropogenic origin, such as mining (Muhammad
et al., 2011). Metal contamination due to mining can affect public health through water,
and soil, thus there is a need for strict environmental regulation and risk analysis

(Béjaoui et al., 2016; Ezekwe et al., 2012). Ex-mining water pollute underground water



and gets into nearby rivers and streams thereby posing a health threat (Ban et al., 2015;
Li, 2016).

Heavy metal contaminants, especially As, Pb and Cd are the main focus in risk
assessment studies due to their high toxicity to humans and animal; these metals are
highly lethal and can cause dysfunction in humans. The risk of As toxicity is of high
concern due to its high bioavailability in aqueous phase comparable to solid medium.
As is related to diseases such as skin cancer, bladder, and kidney impairment (Palmer et
al., 2016). Dermal contact and ingestion of Pb in contaminated water and soil causes
respiratory and Dermato-generic complications (Nevérez et al., 2015; Yang et al.,
2016a). Exposure to Cd causes cancer, hypertension and kidney dysfunction (Woo et
al., 2015). Considering the health complications associated with these metals, it is
pertinent to fully analyze the risks associated with exposures in water from ex-mining

ponds.

1.3.1 Human Health Risk Assessment Techniques

These are techniques aimed at assessing and estimating the chances or probability
and the nature of the adverse health effect in humans that may be exposed to toxic
chemical in a polluted environment, now or in the future. It is applied to identify and
characterize the type and magnitude of health risks to humans. Therefore, risk
assessment techniques are decision making requirements that could provide a fast and
vital decision making support on environmental safety (Rebelo et al., 2014). Generally,
all human health risk assessment techniques of toxic substances involve hazard
identification, exposure assessment, risk estimation, and risk characterization (Figure

1.1).
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Figure 1.1: The human health risk analysis process

1.3.1.1 Hazard Identification

Hazard identification is one of the important aspects of health risk assessment which
involves the determination of possible conditions of human exposure to hazardous
substances. It is the first step in a risk assessment procedure which comprises of a
qualitative evaluation of the hazards that might exist in the medium under study.
Sufficient evidence must be established to classify a substance as the cause of adverse
health effects. In this phase of risk assessment, data collection and analysis of a
particular chemical substance of concern is carried out based on past researches. The
general overview of the toxic metals of concern is highlighted in chapter two of this

study.



1.3.1.2 Exposure Assessment

The essence of exposure assessment is to measure and quantify the amount,
frequency and duration of exposure to a chemical substance among the population
exposed. The quantitative exposure assessment presents an estimate of the rates at
which the toxic metals are ingested or absorbed using mathematical equations. The
exposure assessment evaluates the source of the toxic metals as well as the pathways

and routes of individual exposure (USEPA, 1992).

In light of this, a detailed and a standard chemical analysis of the toxic metals of
interest are of utmost priority, so as to ensure data quality and reliability. In this study, a
standard experimental procedure is applied with quality control measures including

certified reference materials for proper validation.

1.3.1.3 Toxicity Assessment

This is one of the major aspects of risk assessment that is concerned with
establishing the relationship between the selected contaminants (toxic metals) and the
receptor (humans). It involves the numerical evaluation of toxicity information and
detailed characterization of the exposure-response relationship. The data involved in the
dose-response analysis is analyzed to identify the toxicity and the risk involved
(USEPA, 1987). Therefore, effort must be made to establish a link between the toxic
metals ingested or received and human health effect. Health risk assessment is achieved
by deriving vital information from toxicological references and profiles such as the
Agency for Toxic Substances and Disease Registry (ATSDR) and the United States

Environmental Protection Agency (USEPA).



1.3.1.4 Risk Characterization

The main goal of risk characterization is to present an idea on the type and
magnitude of the adverse health effect that a particular toxic metal can have in an
environment. Risk characterization is the final step in the health risk assessment process
which explains the description of the public health risks related to toxic substances. The
information on the exposure assessment is compared to the toxicity assessment to
conclude on the likelihood that the toxic metals could cause harm to individuals and the
population. Generally, site-specific data and assumptions are applied in the formula to
compute cancer risks and non-cancer hazards of the toxic substances (USEPA, 1989).
The hazard index (HI), hazard quotient (HQ), and carcinogenic risk are employed in this
study to explain the potential cancer risk and non-carcinogenic hazards associated with
exposure to the toxic metals in ex-mining ponds based on USEPA formulation. The
carcinogenic risk is estimated using exposures and slope factor for the specific metals of

interest.

1.4 Chemometrics

Analytical chemists apply statistics to solve chemical problems by analyzing the
chemical data and gain ideas about the chemical system. It involves the use of
multivariate statistical methods to explain the observations and characteristics of
complex data. In achieving a meaningful result, the use of specific statistical techniques
is highly essential for an objective exploratory assessment. Chemometrics is therefore

the best approach for the classification and monitoring of environmental data.

The environmental data is usually characterized by high variability due to various
natural and anthropogenic influences, and chemometric methods are thus continuously
utilized in identifying and managing the possible sources of pollution (Wu & Kuo,

2012). Treatment of environmental data using multivariate approach characterizes and
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evaluates the surface water quality. The interpretation of the environmental data has the
advantage of visualizing and treating large quantity of raw analytical measurement, and
extracting useful information. Principal component analysis (PCA), Factor analysis
(FA), Hierarchical cluster analysis (HCA) and Linear discriminant analysis (LDA) are
the techniques mostly employed in the literature related to water quality interpretation
using multivariate data analysis, classification and modelling (Bouguerne et al., 2016;
Iscen et al., 2008; Li et al., 2015; Noori et al., 2010; Shrestha & Kazama, 2007; Singh et

al., 2007; Varol et al., 2012; Wallace et al., 2016).

1.5 Research Aims and Objectives

The general aim of this study is to assess and investigate the suitability of water from
ex-mining ponds for consumption and recreational activities, by analyzing the presence
of toxic heavy metals associated with mining operations. The research focuses on
Selangor state that had extensive mining activity from central Malaysia, and Melaka
state from southern region of Malaysia was included in this study due to its recent water

crises. The central objectives of this research are;

A) To determine the levels and variations of heavy metal pollutants and general
water quality parameters in ex-mining ponds, with a view to utilize it as an alternative

source of water for consumption and recreational activities.

B) To discriminate ex-mining ponds from lakes that had no mining operation with a

view to sort out the targeted toxic heavy metals using chemometric tools.

C) To ascertain the health risks associated with exposures to water from ex-mining

ponds by ingestion and dermal contacts.

D) To develop the water quality index of water from ex-mining ponds using the

relevant selected parameters.
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1.6 Thesis Outline

The general background of the research and related subject areas are provided in the
first two chapters which forms the introduction and literature review. Chapter 1 points
out the aims and objectives of this research work. Chapter 2 presents the literature
review on the development of water quality index, risk assessment on exposure to

hazardous metal pollutants, and multivariate statistical techniques.

Chapter 3 discusses the methods and methodology applied in analyzing water quality
parameters. The instrumentation, preservation, and analysis of water samples are

discussed. It discusses the climate, geology, and activities around the studied sites.

Chapter 4 evaluates the details related to the trend in variation of heavy metal
concentrations and physical-chemical parameters in ex-mining ponds and lakes in
comparison to INWQS. It discusses levels of pollutants, sources and influence on water
quality. Activities around the sample locations are also examined to monitor their
influences. The chapter discusses and examines the results of variations and
characterization of the studied parameters using PCA, HCA, FA and LDA. It explains
the risks associated with exposure to the ex-mining water and lakes by ingestion and
dermal routes, and finally the development and application of WQI in the classification

of ex-mining and lake waters is discussed.

Chapter 5 presents the overall conclusion of the thesis based on the findings

obtained.
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CHAPTER 2: LITERATURE REVIEW

This chapter analyzes different WQI models used to assess the surface water quality
of lakes and rivers. The WQI models and their applications are examined in section 2.1,
and section 2.2 studied health risk assessment of exposure to ex-mining water. Section
2.3 focuses on multivariate statistical techniques and its application in lake water quality

assessment in Malaysia.

2.1 Water Quality Index Models

Various models of WQI have been efficiently utilized in pollution evaluation of
water resources, and their application depends on the purpose and objectives to which
they are intended for. Besides pollution monitoring of water resources, the development
of WQI may cover trend analysis and enforcement of standards. The health risk
evaluation of exposures to hazardous substance in water is an integral part of water
quality monitoring and assessment. The parameters involved in the quantitative
evaluation of ingestion and dermal exposures to ex-mining water are key aspects to
consider. Multivariate statistical models are essential in monitoring environmental
influence on surface water quality. Application of a specific chemometric technique
depends on the objectives to be achieved; LDA and PCA are mostly utilized in this
study to differentiate the most significant parameters, and to determine the latent

variables in ex-mining ponds and lakes respectively.

Horton’s approach to the development of WQI back in 1965 was the first attempt to
represent overall water quality using the numerical index system with 10 variables
(Coliform density, specific conductance, pH, DO, carbon chloroform extract,
temperature, alkalinity and chlorides, sewage treatment, and obvious pollution) and
ranges from 0-100 (equation 2.1). Though the formulation of WQI models was faced

with challenges from parameter selection to subjectivity in assigning weightages to the
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selected parameters, Horton’s technique is easy to compute and highlights the challenge
of the right choice of parameters to represent the overall water quality (Horton, 1965).
These are the major advantages of Horton’s approach in water quality assessment. The
weaknesses are that index formulation, quality rating, and weightages are highly

subjective based on his judgement and few associates.

WQI =

[Wl S1+wySy+w3S3+...twy

W1twytw3t...+wy

Sn] mimo (21)

where; S = sub index, w = weighting factor (1-4), m; = correction factor for temperature

(0.5 when temperature < 34 °C, otherwise 1), m, = correction of pollution (0.5 or 1).

The British Columbia water quality index (BCWQI) was developed in the year 1995
by the Canadian ministry of environment for the evaluation of water quality. The
formulation of this index is similar to the Canadian Council of Ministers of
Environment (CCME) where the violation of the measured water quality parameters is
determined by comparison with the established limit. The number of repeated sampling
and stations determines the accuracy of the BCWQI. Its major limitation is the deviation
in the water quality trend from the standard limit due to maximum percent deviation
used (Salim et al., 2009), also the index is not appropriate for the spatial and temporal
trend analysis. Advantage of BCWQI is the sensitivity of the index value to the
parameters incorporated in the calculation and objectives interpretation of the reference
condition (Zandbergen & Hall, 1998). The final index value is calculated using equation

2.2;

[

BCWQI = 100 — (2.2)
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where F1 is the percentage of variables above the guideline, F2 is the frequency by
which the objectives are not met, and F3 is the range to which the failed tests are above

the guideline. 1.453 in the formula is the scaling factor of 0-100.

In the year 1990, Smith’s Index was developed which serves as a hybrid based on
expert opinion as well as water quality standards. Its major advantage is the index
addresses four types of water use including contact and non-contact uses (water supply,
fish spawning, general, and regular public bathing). Delphi method was applied in
parameter selection, developing sub-indices, and assigning weightages. The final index
score was calculated using minimum operator technique as displayed in equation 2.3

below;

Imin = X min (Isubl; Isub2’----------- Isubn) (2.3)

where Imin equals the lowest sub index value (D. G. Smith, 1990).

This approach utilizes additional rounds of questionnaire beside the usual Delphi steps.
This is aimed to arrive at a greater convergence of opinion (Abbasi & Abbasi, 2012).
Smith’s approach was considered more prudent and slight deviation from the standard
Delphi procedure that discouraged discussion among the panel members on the
assumption that such discussion may influence the decision of others. Unlike indices
with relative weighting, advantage of smith index is introducing or omitting new
determinant at a later stage without affecting the index formulation. Also eclipsing

effect of multiple over few determinants is reduced to barest minimum.

The creation of national sanitation foundation water quality index (NSFWQI) based
on a nationwide survey of water quality experts and application of the Delphi technique

addressed the problem of parameter choice in a more consensual manner. The NSFWQI
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accommodates 9 parameters (BOD, DO, turbidity, total solids, nitrate, phosphate,
temperature, pH, fecal coliform). The multiplicative version of NSFWQI (equation 2.5)
was considered a more superior formulation compared to the additive (equation 2.4)
which lacks the sensitivity with respect to the effect of a single bad parameter on the

WQI (MERC, 2012).

WQI = wid, (2.4)
2

WQI = 1_[ q" (2.5)
i=1

where; w = weighting factor (0-1), q = water quality rating curves (0-100%), n =
number of parameters. The advantages of NSFWQI are providing useful insights into
temporal water quality trends, the index value relates to potential water use, and
evaluation between areas and identifying changes in the water quality. Its limitation
involves losing vital information during data processing, and lack of dealing with
uncertainty and subjectivity present in complex environmental issues (Gopaul et al.,

2009; Tyagi et al., 2013).

Canadian council of ministers water quality index (CCME-WQ)I) is a modification of
BCWAQI, it comprises of three factors each of which is scaled between 0 and 100. The

factors are; scope, frequency, amplitude (equation 2.6).

2 2 2
CCME-WQI = 100 — < /%) (2.6)

F1 is the scope which assesses the extent of water quality guideline over the period of
interest, F2 represent percentage of individual tests that do not meet the objectives, and

F3 illustrate the amount by which the failed test values met their objectives. The value
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of 1.732 is the correction factor of the overall index (CCME, 2001). CCME-WQI is best
suited for use in continuous monitoring of water quality. The advantages of CCME-
WQI are utilizing many variables, easy to calculate, and tolerance to missing data. The
major weakness is the insensitivity of a particular parameter in the process of

aggregation where the same importance is given to all variables (Tyagi et al., 2013).

Several indices were developed either on the basis of Hortons or NSFWQI, among
which are the stream monitoring, Oregon, and universal WQI (Boyacioglu, 2007; Cude,
2001; Hallock, 2002; Liebman, 1969) as shown in Table 2.1. The indices formulated
encompass physical, biological and chemical parameters and different priority was

given in terms of quality rating and weightage to suit the desired objectives.

The Malaysian water quality index (DOE-WQI) is also a derivative of NSFWQI
developed to monitor river water quality based on 6 parameters only (pH, DO, BOD,

COD, SS, and AN) as given by equation 2.7 below;

WQI = 0.22*SIDO + 0.19*SIBOD + 0.16*SICOD + 0.15*SIAN + 0.16*SISS + 0.12*SIpH (2.7)

where SIDO = sub index DO, SIBOD = sub index BOD, SICOD = sub index COD,
SIAN = sub index AN, SISS = sub index SS, SIpH = sub index pH. 0<WQI<100. The
WQI model utilized by Malaysia DOE (equation 2.7) is the only existing and
functioning tool to monitor river water quality in Malaysia (Naubi et al., 2016). It
exclusively contains physical-chemical parameters hence cannot be used to assess the
water quality of ex-mining ponds and lakes that are mostly polluted with heavy metals
(Low et al., 2016). In this study, toxic heavy metals associated with mining operation
such as As, Cd, and Pb (Acheampong et al., 2013; Low et al., 2016; Martha et al., 2011,
Popa et al., 2013; Schaider et al., 2014) are selected in the formulation of the WQI of

ex-mining ponds considering geological and other environmental factors. The
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Malaysian DOE-WQI was used to assess water quality status of ex-mining ponds in
Bestari Jaya (Kusin et al., 2016). However, it has been confirmed that river WQI cannot
be used to assess ex-mining ponds and lakes due to its inability to accommodate the

toxic metals especially As and Cd (Low et al., 2016).

The weakness of the pioneer indices and its derived models (DOE-WQI inclusive) is
its formulation based on the Delphi method with much subjectivity due to difference in
opinion of the experts on the perceived parameter importance to water quality (Singh et
al., 2007; Tarantola, 2000). Notwithstanding this, the class IIA standard parameter
values of Malaysian INWQS were used in this study to assign weightage to the selected
parameters; this qualifies the WQI model developed to have a direct evaluation of the
status of ex-mining water in Malaysia especially in its consideration for consumption
and domestic uses. Furthermore, the index developed in this study utilizes validated
primary data obtained from standard experimental procedures, unlike the existing
Malaysian DOE-WQI which only exploited secondary data obtained from different
water monitoring stations with different equipments and calibrations. It has been
established that data from secondary sources may be unreliable (Sullivan et al., 2003);
this qualifies the new WQI of ex-mining ponds to be more dependable and specific in
addressing this research problems. The indices developed, including the Malaysia DOE-
WQI did not recognize and integrate the status of the water for different functions and
uses such as drinking water supply, recreation and irrigation. It only classifies the
waters based on pollution with no recommendation for its future utilization (Low et al.,
2016). In this study, recommendations are made on uses of the ex-mining ponds and

lakes for human consumption and/or recreational activities.
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Table 2.1: Selected WQI of surface water

Index Parameters Scale
Horton’s Index DO, pH, sewage treatment, coliform 0-100
density, specific conductance, carbon
chloroform extract, alkalinity,
chlorides, temperature and obvious
pollution.
National Sanitation BOD, DO, total solid, turbidity, 0-100
Foundation Index | nitrates, phosphates, temperature, fecal
(NSFWQI) coliform.
Oregon WQI BOD, DO, temp, AN, pH, Total 0-100
phosphorus, total solid, and fecal
coliform,
Universal WQI Nitrate, BOD, DO, As, Fluoride, Total 0-100
phosphorous, Hg, Se, CN, Cd, total
Coliforms, and pH.
Canadian WQI Relevant water quality parameters with 0-100
(CCME WQI) corresponding standards.
DOE-WQI BOD, COD, DO, SS, AN, and pH. 0-100
General WQI Total phosphorous, DO, fecal coliform, 0-3
turbidity, and specific conductivity.
River Status Index DO, BOD, AN, SS, turbidity, temp, 1-10
fecal coliform, pH, Pb, Cu, Cd, Cr and
Zn.
Stream Monitoring DO, temp, pH, fecal coliform 0-100
wQlI

2.2 Risk Assessment Models

Several human health risk assessment techniques involve the use of formulation
developed by the United States Environmental Protection Agency and the Agency for
Toxic Substances, Diseases and Registry (ATSDR, 1993; USEPA, 1992, 1999, 2005).
The models utilized in the risk assessment studies (equations 2.8 and 2.9) include the
exposures due to ingestion and skin surface (Alkarkhi et al., 2009; Gupta et al., 2015;
Igwe et al., 2014; Igbal & Shah, 2013; Low et al., 2016; Li et al., 2013; Man et al.,
2010). The indices uses USEPA default values for volume of water ingested (2.2

L/day), and body weight (70 kg and 15 kg for adult and child respectively).
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Consideration was not given to the differences in water consumption and the weight of
individuals in a particular region or country of study (WHO, 2009). It has been
established that different country has dissimilar average weights and daily water
consumption due to differences in dietary, climate, social and economic status (Eveleth
& Tanner, 1976; Michaelsen, 2015). In Malaysia, the average weight for an adult and
child are 63.69 + 11.42 kg and 32.89 £ 8.95 kg respectively (Azmi et al., 2009; Gan et
al., 2011; Zaini et al., 2005). The skin surface area exposed on the other hand are 5700
and 2800 cm?/day, respectively for adult and children (Sany et al., 2014). The average
volume of water consumed by Malaysian adult and children is 1.7 and 1.2 L/day,
respectively (MDG, 2013; Mohamad, 2016), and average lifetime exposure (AT) of
Malaysians is 74.7 years (27265 days) in 2016 (DOS, 2016). The exposures due to

ingestion and dermal contacts are evaluated using equation 2.8 and 2.9 below.

Cyater IR*EF*ED
Exp, = BWFAT (2.8)
Cyater “SA*K *ET*EF*ED*CF
EXp > water P (2.9)
Dx

BW*AT

where; Expix and Exppx are exposure doses due to ingestion of water and skin surface
(ng/kg/d) respectively, Cyater iS the concentration of metal in water (ug/L), IR water
ingestion rate (2.2 L/day) and Child (1.0 L/day), EF exposure frequency (360
days/year), ED exposure duration (30 years), BW adult average body weight (70 kg)
and Child (15 kg), AT average time (25550 days), SA exposed skin area (28000
cm?/day), ET exposure time (0.6 hr/day), CF unit conversion factor (0.001 L/cm®), and
Kp is dermal permeability coefficient for specific metal (cm/h) (Smith, 1994; USEPA,

1989).
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Most risk assessment studies in Malaysia also used hypothetical weights or
measurements obtained from few selected respondents in the hazard evaluation (Ashraf
et al., 2011a; Dzulfakar et al., 2011; Qaiyum et al., 2011). Similar approach was applied
in the risk analysis of exposure to ex-mining water (Alshaebi et al., 2009). In this study,
the existing models were modified where exposure at different human weights, volume
of the water consumed, average exposure time, and skin surface area exposed were
altered so as to give a more accurate health risks evaluation. This shows a new trend in
the risk analysis and specificity of the modified models in determining the health risk

associated with utilizing ex-mining water in Malaysia.

2.3 Statistical Modelling/Chemometric

It is a process of predicting from the observed data sets with a view to extract
information on the relationship between variables. The specified mathematical
equations used are the statistical models that relate one or more variables; it is therefore
a formal presentation of a theory. The choice and application of the appropriate
statistical technique are recommended for the hypothesis test, interpretation of data and
to arrive at logical assumption. The validity of the data can be evaluated or examined
using descriptive statistics, plots and graphs which gives an exploratory idea of the
relationship between model variables. There are myriad of modelling and statistical

analysis techniques, the choice of which depends on the data type and objectives.

2.3.1 Linear Regression Model (LRM)

Regression analysis is the most widely used statistical technique for investigating and
modelling the relationship between variables (Montgomery et al., 2015). Linear
regression modelling has been applied in environmental researches and applied sciences
to establish correlation among variables. This modelling approach explains the

relationship between a dependent (response) variable and independent (explanatory)
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variable. A dependent variable of interest is modelled as a linear combination of one
predictor variable. Linear regression analysis yields an approximate b parameter of the

linear equation as given in equation 2.10 below;

y=a-+bx (2.10)

where a is the intercept, y is the predicted score of the dependent variable (response), b
represent the slope and the contribution of the independent variable x to the prediction

of y.

The relationship between variables of interest should first be studied before a linear
model is assumed suitable using the observed data. This does not certainly indicate that
one variable influences the other, but there is notable association between the two
variables. The validity of the scatter plot can be used to identify the relationship

between the variables (Montgomery et al., 2012).

Linear regression analysis has been universally applied in studies related to
modelling of water quality, treatment and management including development of rating
curves for WQI of surface and underground water (Buytaert et al., 2016; Lermontov et

al., 2009).

2.3.2 Multivariate Statistical Models (MSM)

The relationship between multiple parameters can be analyzed using MSM, also
known as chemometric or environmetric techniques. It was hypothesized that a
desirable response in some researches is often determined or influenced by more than
one variable and therefore gives a better and more reliable data evaluation (Varmuza &
Filzmoser, 2016). MSM s used for the classification of temporal and spatial data, and
characterization of different environmental samples. The most widely utilized MSM in

environmental research are the principal component analysis (PCA), factor analysis
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(FA), hierarchical cluster analysis (HCA) and linear discriminant analysis (LDA)
(Chow et al., 2016; Gasmi et al., 2016; Juahir et al., 2008; Juahir et al., 2010; Juahir et
al., 2011; Krishna et al., 2009; Muangthong & Shrestha, 2015; Simeonov et al., 2002;

Varol et al., 2012; Zhao et al., 2012).

PCA (also called eigenvector analysis) is mostly utilized as data reduction and
modelling technique. It determines the degree or extent to which variables are related.
Large data of many variables are unavoidably superfluous and overlap, the use of
correlation matrix generally quantifies these anomalies by extracting the eigenvalues
and eigenvectors from the square matrix originated by multiplying the data matrix. PCA
introduces uncorrelated linear functions of the standardized variables called principal
components (Simeonov et al., 2002). In FA, the varimax rotation is applied on the
significant principal components to produce new class of variables named varimax
factors. The loadings of a variable (positive or negative) determine its importance and
contribution to the variation. HCA uses Euclidean distance, which is generally a reliable
measure of similarity between the sites. A suitable linkage algorithm (Ward’s, single,
centroid, or average) is established to link the cluster (group) of sites or objects with
similar distances and to isolate those clusters located at large distances (Simeonov et al.,
2002). The correct interpretation of the clusters is a crucial task and allows a good
explanation of justifications leading to the type of clustering. LDA determines the
variables that distinguish one group from another by constructing discriminant function
(DF) for each group. LDA establish a DF for each group given various independent
variables and dependent variables (Juahir et al., 2010). The forward, backward, and
stepwise approaches are used to construct the DFs to evaluate the differences between
groups. The stepwise method has been widely applied in the environmental data
analysis. Four of the MSM are utilized in this study and comprehensively discussed in

chapter 4.
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2.3.3 Monte Carlo Simulation Technique (MST)

MST is applied to obtain a forecast in statistical probability distribution where
analytical solutions are impossible or difficult to obtain, or when specific regression
assumptions are under suspicion of violation. The simulations are repeated a large
number of times with the model defined for each repetition by the values of the
stochastic inputs to obtain statistics output variables of the system model (Mooney,
1997). The possible value of the input variable X (X3, X»,... X)) are sampled according
to their distribution, the value of the output variable Y are then calculated through
performance function Y = f (X) at the samples of input variable (Robert, 2004). MST is

applied for dependent variables and the three steps generally required are;

A) Sampling on random input variables X

B) Evaluating model output Y

C) Statistical analysis on model output

The purpose of selecting the input variable is to create samples that represent
distribution of the input variables, the samples of the input variable will then be used to
the simulation experiment. After samples of output variable Y have been obtained, the
characteristics of the output variable such as mean, variance, reliability, can be

statistically analyzed.

MST was successfully applied in water quality modelling and sensitivity analysis
(Beck, 1987; Ma et al., 2000; Van-Griensven et al., 2006; Whitehead & Young, 1979).
Most recent studies related to environmental problems used MST in water quality
modelling, management and decision making (Han & Zheng, 2016; Kuria & Vogel,
2015; Shojaei et al., 2015; Sun et al., 2015; Zhi et al., 2016). MST was also applied in

risk assessment based on water quality model, and risk analysis due to pollution in
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rivers and lakes (Alam et al., 2015; Geng et al., 2016; Langhans et al., 2016; Lu et al.,
2015; Yao et al., 2015). MST was applied in a study on water quality and multiple
pathway exposure assessment of human health risk in water (Harris et al., 2017; Jiang et
al., 2013; Saha et al., 2017; Yao et al., 2015). Numerous researchers applied MST in
studies related to environmental modelling (Alves et al., 2014; Cao et al., 2014; Cao et

al., 2015; Chabukdhara & Nema, 2013; Lonati & Zanoni, 2013; Qu et al., 2012).

2.4 Heavy Metals in Ex-mining ponds and Lakes

Most heavy metals occur naturally in the environment as ores, but their
concentrations in the environment increase significantly from anthropogenic sources
such as industrial and farming activities, thereby altering their geochemical distribution.
Among the anthropogenic activity that discharges heavy metal and polluting the
environment is mining (Akcil & Koldas, 2006; Ashraf et al., 2011b; Ashraf et al., 2015;
Igwe et al., 2014; Razo et al., 2004; Younger & Wolkersdorfer, 2004). The heavy metal
pollution associated with mining activity received global attention in many countries
that engaged in mineral exploration including Malaysia (Acheampong et al., 2013;
Alshaebi et al., 2009; Atanackovi¢ et al., 2013; Fields, 2003; Jones et al., 2013;
Williams, 2001; Younger et al., 2002b). Several studies also reported the presence of
toxic heavy metals in ex-mining water and the surrounding environment (El Khalil et
al., 2008; Fadiran et al., 2014; Jidon, 1993; Luis et al., 2011; Navarro et al., 2008;

Rybicka, 1996).

Contamination of surface water was reported in lake Dianchi China, with high
concentration of Pb with other heavy metals also exceeded their background values, the
source of which was traced to industrial pollution and automobiles (Wang et al., 2014).
Four great rift lakes in Kenya were polluted with As and Hg to a level that might pose

adverse health effect. Other metals like Cd, Pb, Cr, Cu, Zn, Ni, and Mn were found to
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be of lower concentrations. High levels of As and Hg in the lakes were generally linked
to the anthropogenic factors and less of natural factors (Yang et al., 2017a). Similarly,
Cd, Pb, Mn and Zn were found to contaminate the surface water of lake Manzala in
Egypt due to continuous discharge of untreated water into the lake (Hamed et al., 2013).
Elevated concentrations of Cr, Pb, Co, and Mn in Mariut lake were found to be above
USEPA limits, which were linked to the industrial activities near the lake (Rostom et
al., 2017). Considering that level of metal pollutants in the lakes exceeded the approved
standard limits, there is likelihood of toxic effects either through the food chain or by

direct utilization.

The toxicity of heavy metals varies, and the main threat of heavy metals to human
health is associated with exposures to arsenic, cadmium, lead and mercury. The effects
of these metals on human health had been studied extensively with regular review by
international health organizations (Jarup, 2003). Government agencies, researchers and
the public have been raising concern on the metal concentrations in large volumes of ex-
mining water, particularly with the increasing global demand of water for domestic and

recreation, and forecast for water crisis by the year 2025 (Rosegrant et al., 2002).

24.1 Arsenic

Arsenic is commonly found in nature as mineral ore with other elements in soil and
rocks. It is discharged into the environment by soil leaching, volcanic activities and
weathering of rocks. Mining is considered one of the major sources of arsenic in the
environment which is released in substantial quantity from its common sulfide ores such
as arsenopyrite (FeAsS) and less commonly in tennantite (Cu;2AssSi3) and enargite
(CuAsS) (Gul et al., 2013). Besides the mining operation, water at low pH or from acid
rain could facilitate the dissolution of metals from their ores thereby elevating the

arsenic concentration in the surrounding environment (Acheampong et al., 2013;
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Yaacob et al., 2009). Arsenic could also be released into ground water by natural
oxidation of the sulfide minerals in bedrock aquifers under alkaline and anaerobic
conditions (Kim et al., 2000; Williams, 2001). Arsenic is toxic and considered the third
most toxic substance after lead and mercury in the United States toxic substance and
disease registry. The exposure to its toxicity is mostly by drinking arsenic contaminated

water and food (Murcott, 2012).

The most common and abundant arsenic species in aqueous compounds are the
inorganic arsenite (As (111)) and arsenate (As (V)), while the organic arsenic compound
arsenobetaine (CsH11AsO,) is found predominantly in fish; both of which may result in
high human exposure (Bissen & Frimmel, 2003; Jarup, 2003). The concentrations of
arsenic in urine, blood, nails and hair have been used as bio indicators of exposure.
Acute toxicity of arsenic causes digestive, gastrointestinal and central nervous disorder,
cardiovascular disturbances and finally death (Mandal & Suzuki, 2002). In the event of
victim survival, haemolysis, bone marrow depression, and melanosis may be observed.
Evaluation done by WHO concluded that exposure to arsenics through drinking water
causes cancer related to kidney, lungs, and precancerous lesion (WHO, 2001). Ingestion
of arsenic to a concentration of 100 pug/L lead to cancer, and skin cancers are associated
with 50 — 100 pg/L of arsenic (Jarup, 2003). Several research findings also discussed
the health effects of exposure to arsenic at different concentration levels (Chen et al.,

2016; Kazi et al., 2016; Ramakrishnan, 2015; Rasheed et al., 2016).

Several cases of arsenic poisoning were reported and documented in Malaysia and
around the globe as a result of mining and other anthropogenic activities. In Malaysia, a
case of 3 patients with cutaneous lesion was reported. The patients developed chronic
arsenical poisoning due to ingestion of underground well water close to a tin mining site

(Jidon, 1993). Hassan (2005) reported that the arsenic poisoning from drinking water in
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Bangladesh was the worst mass poisoning in human history (WHO report). The
concentration of arsenic was high in ground water, which affects 61 out of the 64
districts, where 36,477 patients were admitted. The cases of skin cancer and
cardiovascular mortality in Chile and Taiwan as a result of ingestion of arsenic-
contaminated water received global attention as well. The levels of arsenic ingested was
0.8 mg/L to 1.82 mg/L (ATSDR, 2007). About 6,000 cases of arsenic poisoning as a
result of ingestion of arsenic-contaminated beer was reported in England with 71 deaths
in the year 1900. The concentration of arsenic in the beer ranged from 2 mg/L — 4 mg/L
(Reynolds, 1901). The permissible level of arsenic in drinking water for WHO and
drinking water quality standard for raw water (DWQSRW) is 10 pg/L, and the

Malaysian INWQS is 50 pg/L (DOE, 2012; MOH, 2004; WHO, 2011).

High arsenic concentrations of 420 pg/L in ex-mining water of Mexican mining
districts of Santa Maria de la Paz was found to be 20 and 8 times higher than the
natural background concentration and the Mexican drinking water quality standard
respectively (Razo et al., 2004). A study conducted in south and southwestern Nigeria
revealed arsenic concentrations in the ground water aquifers of the basement rock
ranging from 3 to 25 pg/L and in the sedimentary rock from 6 to 40 pg/L (Murcott,
2012). Elevated arsenic concentration was detected in 98 lakes close to the mines in
Yellowknife area Canada, which is related to historic mining operation. Some of the
lakes recorded 60 times the limit of 10 pg/L set by the federal drinking water guideline
(Palmer et al., 2016). The mine tailing of a historic mining site in Ghana elevates the
concentrations of arsenic to 73 pg/L in the river Tarkwa and nearby streams (Asante et
al., 2007). Therefore, contamination of water with arsenic due to mining and other
anthropogenic is a threat to the environment, and needs to be fully studied and

monitored to prevent the risk of exposures especially by ingestion.
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2.4.2 Cadmium

Cadmium is found in nature in very small quantities, and natural sources in the
earth's crust are related to volcanic activities and rock weathering, and as an impurity in
the ores of metals such as zinc, lead, and copper. Presence of cadmium in the
environment was highlighted in the previous studies, and the source related to metal
ores (Bebbington & Williams, 2008; Limei et al., 2008; Naidoo, 2017; Sun et al., 2010).
Cadmium is mostly a byproduct of sphalerite (ZnS) found in mineral greenockite (CdS),
it is also found as an impurity in phosphate minerals (Cobb, 2007; Donovan et al.,
2016). Several findings revealed that anthropogenic sources of cadmium include mining
and metallurgical industry, combustion of fossil fuel and phosphate fertilizers (Quraishi
et al., 2015; Shi et al., 2016). Weathering of rocks in particular releases cadmium to the
aquatic ecosystem contributing to the global cadmium cycle, which is enhanced by
acidic emissions (UNEP, 2010). The levels of cadmium in most drinking water supplies
are less than 1 pg/L, though levels may vary depending on locality and the acidic
influence of the environment. The WHO and DWQSRW permissible levels of cadmium
in drinking water is 3 pg/L, and INWQS is 10 pg/L (DOE, 2012; MOH, 2004; WHO,

2011).

Cadmium is categorized as a human carcinogen by the International Agency for
Research on Cancer (IARC, 1993). There was strong evidence that links cadmium to
lung and prostate cancers (Nawrot et al., 2015; Sorahan & Lancashire, 1997). Also
related to cadmium exposure is increased risk of kidney diseases and difficulty in
learning for children, and loss of sense of smell (anosmia). Most damage caused by
cadmium to the kidneys is irreparable (Ciesielski et al., 2012; Navas-Acien et al., 2009).
Cadmium is also confirmed to cause toxicity, skeletal demineralization, impairment of
the pulmonary functions, and elevation of blood pressure (Bernard, 2008; Staessen et

al., 1999; Tellez-Plaza et al., 2008).
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A study in Japan relates cadmium to increased mortality due to heart failure and
cerebral infarction (Nishijo et al., 2004). Elevated urinary level of cadmium was noticed
in Belgium that leads to the subsequent development of lung cancer. Tubular
dysfunction was noticed from the general population due to high levels of urinary
cadmium in the range of 1 to 2 pg/g. Similarly, the higher threshold value of 8 to 10
pg/g was observed among the Chinese population (Bernard, 2008). Low bone density
was associated with cadmium exposure in a study comprising of 1021 persons in
southern Sweden. A significant negative correlation was observed between the
concentration of cadmium in the urine and low bone mineral density (Barregard et al.,

2016; Jarup et al., 1998; Kakei et al., 2016).

In New Zealand, cadmium concentration of 100 mg/Kg were released to the
environment from phosphate fertilizers applied during farming, which is absorbed by
plants and subsequently consumed by humans (Taylor, 1997). Similarly, drinking water
from wells in Sweden recorded a cadmium concentration of 5 pg/L due to the influence
of acidic soil. Cadmium concentration of 100 pg/L was also reported in natural water in
Peru, and this value is higher than concentrations of < 1 pg/L obtained in 110 stations
around the world (WHO/UNEP, 1989). In a similar study in Saudi Arabia, potable water
from underground sources recorded a mean cadmium concentration of 1 — 26 pg/L
(Fowler et al., 2015; Langard et al., 1986; Mustafa et al., 1988). The influence of mining
activity in Bolivia raises the cadmium concentrations in the river of Pilcomayo
catchment, an area that experiences extensive tin mining operation (Smolders et al.,
2003). In a related finding, the analysis of water samples from Dabaoshan mine and the
adjacent Hengshi river in China revealed high cadmium concentrations of 8.05 mg/L
(Zhuang et al., 2009). High metal discharges in UK from abandoned mines into the
rivers, about 6% of the river catchment in England and Wales have cadmium as the

major pollutant of concern (Mayes et al., 2009). This raises the alarm on the safety of
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the people living along the river due to exposure to cadmium by either ingestion or body

contacts.

24.3 Lead

Lead is a naturally occurring element but not particularly abundant. Its ores are
distributed across the world. Natural lead occurs mostly as galena (PbS), and less
commonly as cerussite (PbCOs3) or anglesite (PbSO,), the occurrence of lead in these
ores qualifies it to support the mining industry (Bao et al., 2016; Kosobrukhov et al.,
2004; Zimdahl et al., 1973). The distribution of lead in the environment, especially soil
and water is altered by man’s activities due to its ability to remain virtually immobile.
Lead can be released into the environment by the natural process of weathering and
other sources related to human activity such as mining, burning of fossil fuel and
industrial discharges (Loh et al., 2016; Marin et al., 2016; Puga et al., 2015). The
crushing and panning processes in mining release a substantial concentration of lead
into the soil, surface and underground water. A significant concentration of lead in soil
from three different land uses with mining have been reported (Martin et al., 2014).
High concentration of lead in ex-mining water was reported in some literature which
might have originated from the dissolution of the ores, this find its way to the
underground water and nearby streams (Bui et al., 2016; Lu et al., 2015; Rybicka, 1996;
Zhang et al., 2012). The permissible concentration of lead in Malaysian DWQSRW and

WHO are 50 pg/L and 10 pg/L, respectively (MOH, 2004; WHO, 2011).

Lead is poisonous with several toxic effects that are permanent. Lead toxicity,
particularly affects children, because their body system absorbs lead faster than the
adult with little or no symptoms thereby destroying their brain and nervous system. The
result is low intelligent quotient (1Q), slowed growth and anemia. Its effect on pregnant

mothers includes reduced growth of the fetus and premature birth. Ingestion of lead
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causes coma and subsequent death (Arnemo et al., 2016; Hanna-Attisha et al., 2016;

Mielke, 2016; Needleman & Bellinger, 1991; Xie et al., 2013).

The lead poisoning and death of over 350 children in Zamfara Nigeria as a result of
water and soil pollution from active gold mines attracted global attention. The blood
lead level (BLL) of the children < 5 years was analyzed to be > 45 pg/dl higher than the
limit of 10 pg/dl set by the U.S. center for disease control and prevention (Bello et al.,
2016; Canfield et al., 2003; CDC, 2002; Lo et al., 2012; Thurtle et al., 2014; Wurr &
Cooney, 2014). Similar incidence occurred in Kabwe, Zambia where children
developed high BLL due to extensive contamination of soil and surface water with lead
from historic Pb-Zn mine site (Yabe et al., 2015). In the United States of America, 20%
to 40% of the rises in BLL of children are due to exposure to lead through drinking

water (Davis et al., 1992).

Attention was raised in the Northwest of England over lead pollution in the
Ullswater’s lake which supports many consumers that extended down to the
Manchester. This places a burden on the regional government to find alternative sources
of water supply (Beattie, 1996). An effort was made to assess the potential losses caused
by the continuous pollution of Ullswater lake by the Greenside mine (Bardsley, 2000).
Glenridding Beck River was polluted with lead from the mines, raising the
concentrations above natural background to 0.029 mg/L and 5.85 mg/kg for the surface
water and sediment respectively (Mitchell, 2009). Similarly, lead concentrations in
about 53% of well water studied near mining and smelting site in Zanjan, Iran were
higher than WHO standard limit (Mohammadian et al., 2008). The pollution of surface
and underground water with lead due to mining and other anthropogenic sources is
therefore of concern due to its mobility and toxic nature (Sankhla et al., 2016;

Wongsasuluk et al., 2014).
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2.4.4 Manganese

Manganese is very abundant and distributed in the earth's crust in association with
ores of iron. The major ores of manganese are pyrolusite (MnO5), hausmannite (Mn3O,)
and manganite (MnO(OH)). Manganese is an essential trace element found naturally in
lakes, rivers, and drinking water supply (Keen & Zidenberg-Cherr, 1994; Muthaiah et
al., 2016; Takeda, 2003). Mining operation elevates the concentrations of manganese
and iron beyond the permissible limits, especially in the surface water. Though not a
priority pollutant, high manganese concentration in the environment may become a
threat to humans and aquatic organisms (Caruso et al., 2012). The health based values
of manganese in drinking water are 0.4 mg/L and 0.2 mg/L, respectively for WHO and

DWQSRW (MOH, 2004; WHO, 2011).

Manganese is considered among the least toxic elements, however, manganese
concentrations of 1 mg/L can be toxic to aquatic organisms, and countries around the
world adopted 0.2 mg/L as the safe limit for the protection of aquatic species (Howe et
al., 2004). Prolonged exposure to manganese on human is associated with toxicity to the
nervous system, resulting in syndrome similar to Parkinsonism. Several studies have
associated high manganese concentrations in drinking water with the neurological
defects in children (Bouchard et al., 2011; Khan et al., 2012; Kondakis et al., 1989;
Oulhote et al., 2014). The exposure to elevated concentrations of manganese at the
prenatal and early childhood results in the children’s behavioral problems (Rahman et
al., 2016). The case of chronic manganese poisoning was also diagnosed in a 52-year
old man due to high exposure from the manganese ore crushing site. The autopsy
revealed distribution of manganese in the brain, which resulted in a neuropsychiatric
problem such as monotonous speech, euphoria, emotional inconsistence and tremor of

the eyelids (Yamada et al., 1986).
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About three public water supplies were polluted in Georgia due to high manganese
concentrations exceeding the water quality guideline of 0.4 mg/L. The river Kvirila
recorded high manganese concentrations in the surface water and the sediments above
the standard permissible values of 0.1 mg/L and 1500 mg/kg respectively due to
pollution from mine water (Caruso et al., 2012). The pollution of the underground water
samples above the permissible value was also observed in Greece where many samples
analyzed reached 3,700 pg/L (Varnavas, 2016). In a study in Japan, dissolved
manganese concentration of 28 mg/L was found in drinking water 70 times above the
guideline of 400 pg/L which resulted in 16 cases of poisoning (Frisbie et al., 2012).
These findings call for proper analysis and evaluation of manganese in ex-mining water,

also in raw and treated waters considering the high natural abundance of manganese.

However, previous findings on exposure to manganese in fish, soil and tailings from
the former mining area in Malaysia revealed little, no health threat, or not even
considered in the risk analysis (Ashraf et al., 2012; Ashraf et al., 2011a; Low et al.,

2015; Yaacob et al., 2009).

2.4.5 Other Metals

Ex-mining water may contain significant concentrations of other metals that are
considered essential for a healthy life. The metals include zinc and copper, which exist
with other ores or as impurities and gets into the environment in the cause of mining
processes. The occurrence and pollution of the metals had been thoroughly discussed in
the literature (Chowdhury et al.,, 2016; Flemming & Trevors, 1989; Glover, 1983;
Jahanshahi & Zare, 2015; Salvarredy-Aranguren et al., 2008). In spite of the health
importance of these metals, they could pose a threat at high concentrations and longtime

exposure. However, the metals are not included in this study due to their low toxicity
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and are of less concern in several reports of Malaysian ex-mining ponds (Ashraf et al.,

2011b; Hamzah et al., 2011; Kusin et al., 2016; Orji et al., 2014).

2.5 Physical-Chemical Parameters in Ex-mining Ponds

Besides the consideration of the metal levels in ex-mining water, another crucial
factor worthy of concern is the physico-chemical parameter levels. The concentrations
of these parameters have direct influence on the metal levels especially pH. The
concentrations of the metals are also affected by seasonal inconsistencies (Canovas et
al., 2008; Caraballo et al., 2016). Other parameters that determine the aesthetic nature of
the water, especially the user acceptance based on the physical appearance are also
considered. The physico-chemical parameters of interest are pH, biological oxygen
demand (BOD), dissolved oxygen (DO), suspended solid (TSS), and ammoniacal

nitrogen (AN).

251  pH

Several research findings recognize pH as one of the most important parameters that
determines the quality of water for human consumption and applications (Abbasi &
Abbasi, 2012; Boyd, 2015; Kannel et al., 2007; Ravikumar et al., 2013). The beneficial
nature of any water source is in the pH range of 6.0-8.5 (Garg et al., 2010). The pH
ranges of 5.5-9.0 and 6.0-9.0 are the limits for the Malaysian DWQSRW and INWQS
respectively (DOE, 2012; MOH, 2004). In recent times, the standard limits are difficult
to maintain due to increase in anthropogenic activities such as mining and mineral
exploration. The mining operation generates acidic water as a result of oxidation of the
metal ores in the presence of water and oxygen. The acid generated further attack other
minerals liberating additional heavy metals into the environment (Low et al., 2016;
Ogola et al., 2002; Séinz et al., 2004). However, when the metal ores are under

carbonate rocks basement such as dolomite, limestone, and limonite, the acidity is
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neutralized and the resulting solution is basic or neutral pH. Other metal ions are also
discharged due to weathering and decomposition of the ores as shown in the equations
2.11 - 2.15 (Dold, 2005; Low et al., 2016; Nuttall & Younger, 2002; Paikaray, 2015;

Rudall & Jarvis, 2011; Wolkersdorfer, 2008; Woo & Choi, 2001).

4FeAsSs) + 130, + 6H,0 — 4Fe* + 4S0,” + 4AsSO,> + 12H" (2.11)
2FeSy + 702+ 2H,0 — 2Fe® +4S0,% + 4H* (2.12)
CaCOs+ H" — Ca™ + HCO3 (2.13)
Mg2SiOs) + 4H" — 2Mg®* + H,SiO, (2.14)
2NaAlSizOg)+2H,CO3+9H,0—2Na" +2HC O3 +4H,Si04+Al,Si,05(0H)4 (2.15)

The solubility of heavy metals is suppressed greatly by the alkaline pH of the water;
therefore, toxic metals might not be present in high concentrations in mine water from a
region with limestone basement (Albu et al., 2012; Jusop et al., 1986). Limestone
inhibits the oxidation of sulphide ores subsequently preventing acid production (Tiwary,
2001). At high pH, the water quality in ex-mining ponds is also degraded due to
degradation of contaminants (McCullough & Schultze, 2015). Most studies in different
regions reported pH of ex-mining water within the acidic range rather than the alkaline
resulting in high concentrations of metal discharges (Ashraf et al., 2011b; Banks et al.,
1997; Kusin et al., 2016; Madzin et al., 2015; Ogola et al., 2002; Raisanen et al., 2005).
Acidic ex-mining water therefore contains high concentrations of toxic metals and
metalloids such as arsenic due to variations in the mineral ores (Johnson et al., 2000;
Lindsay et al., 2015). This confirms that geology of the areas under study directly
influences the pH of ex-mining water and metal concentrations; hence pH is a good

choice as one of the parameters in understanding the variations of metal concentrations
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and for the development of water quality index in this study. It was further emphasized
the influence of pH on other water quality parameters, electrical conductivity and
salinity (Yaacob et al., 2009). These parameters increase while dissolved oxygen
decrease at low pH values. Similarly, pH was included in many existing water quality
indices starting from the Hortons pioneer WQI (Boyacioglu, 2007; CCME, 2001; Cude,

2001; Horton, 1965).

252 Dissolved Oxygen

Oxygen is the most essential parameter in water for consumption and the survival of
aquatic organisms. It indicates the levels of oxygen that is dissolved in water from an
atmospheric source or waste product of photosynthesis. The level of dissolved oxygen
in natural water varies greatly and is a function of temperature, atmospheric pressure,
and dissolved substances. The acceptable level of dissolved oxygen that will support
aquatic organisms is 4 to 5 mg/L, and below 3 mg/L the level is critical and results in
death of many organisms. The permissible limit of dissolved oxygen in Malaysian
DWQSRW is 5 - 7 mg/L (MOH, 2004). The concentration of dissolved oxygen is
influenced greatly by the organic enrichment of the water; hence the waste assimilative
capacity of water is measured in reference to dissolved oxygen level (Srinivas &
Nageswara, 2010). The organic matter associated with mining operation are due to a
wide variety of anthropogenic activities, resulting in low dissolved oxygen, high
biological oxygen demand and chemical oxygen demand (Sfikas et al., 2013; Swer &
Singh, 2004). Low dissolved oxygen in ex-mining water was reported in a research
findings in Malaysia (Hatar et al., 2013; Takaijudin et al., 2012a; Yap et al., 2007),
similar to the results of low dissolved oxygen obtained in other countries due to organic
enrichment and silting by sand particles (Mishra et al., 2008; Saviour, 2012; Swer &

Singh, 2004; Zakir et al., 2013).
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Dissolved oxygen is given the highest priority in the existing Malaysian river WQI
due to its perceived importance. In this study, dissolved oxygen is selected in the
formulation of the index. Other existing indices, especially for drinking purposes also

attached a priority to the dissolved oxygen concentration in the water.

253 Biological Oxygen Demand

The amount of dissolved oxygen in water consumed by anaerobic bacteria in the
decomposition of organic matter is important in rating quality status of the water. The
depletion of dissolved oxygen level results in stress on aquatic organisms, mostly due to
influx of organic matter. The acceptable levels of biological oxygen demand is 6 mg/L
and 3 mg/L for Malaysian DWQSRW and INWQS respectively (DOE, 2012; MOH,
2004). The continuous increase in human activities could raise the biological oxygen
demand of water bodies. Large quantity of water discharged to facilitate mining
operation contains high quantity of particulate matter, oil and grease which contaminate
the surface water (Fardushe et al., 2016; Tiwary, 2001; Tiwary & Dhar, 1994). Many
anthropogenic activities in the course of mineral exploration are associated with
different types of organic matter pollution. High biological oxygen demand was
reported in Malaysian ex-mining water (Takaijudin et al., 2012a), and similar results

were also observed in Ghana and India (Acheampong et al., 2013; Mishra et al., 2008).

Biological oxygen demand has the second priority after dissolved oxygen in the
existing Malaysian WQI, signifying the level of pollution due to organic matter in the
Malaysian rivers. This justifies the consideration of biological oxygen demand,

especially in Klang valley with much anthropogenic input into ex-mining ponds.

254 Ammoniacal Nitrogen
Presence of ammoniacal nitrogen (AN) in water signifies pollution due to leaching of

waste product such as sewage. It indicates the presence of ammonia that could be toxic
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to humans, which consequently makes AN a major parameter in determining water
quality of lakes, rivers and reservoirs. The major source of pollution due to ammoniacal
nitrogen is domestic waste from residential units, especially in areas with high human
habitation or farms. The INWQS permissible level of ammoniacal nitrogen in Malaysia
is 0.3 mg/L (DOE, 2012). Many Malaysian ex-mining ponds are either close to farms or
residential units, therefore, likely pollution of the ex-mining water by toxic ammonia
could be experienced. High concentration of ammoniacal nitrogen beyond INWQS was
reported in Kelana Jaya ex-mining pond (Yap et al., 2007). Toxicity of ammonia to
humans had been emphasized in many research findings, where consideration had been
given to the sources of the pollutants (Romano & Zeng, 2013; Zhou & Boyd, 2015).
Ammoniacal nitrogen is considered in the existing Malaysian DOE-WQI, and is also

considered in this study.

255 Total Suspended Solid

Suspended particles that can be trapped on a filter are also considered as a key factor
in water quality assessment. It is a visual indicator of water quality which has a direct or
indirect relationship with other water quality parameters such as dissolved oxygen and
biochemical oxygen demand. The major natural sources of total suspended solid in
water are soil erosion and decaying plants and animals and among the main
anthropogenic sources is mining operation (Acheampong et al., 2013; Tiwary, 2001).
The INWQS permissible limit of total suspended solid in Malaysia is 50 mg/L (DOE,
2012). Ex-mining water in Bestari Jaya was analyzed to contain total suspended solid
above INWQS (Kusin et al.,, 2016). The effects of suspended solid has been fully
explained (Bilotta and Brazier, 2008), which include increase in surface water
temperature, low dissolved oxygen and limiting or blocking of light rays for the aquatic

plants which are the source of food and oxygen in the aquatic ecosystem.
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Suspended solid is included in the Malaysian DOE-WQI and its importance or
priority is at par with chemical oxygen demand and higher than pH. This could be due
to the high suspended solids in Malaysian rivers (Al-Mamun & Zainuddin, 2013,;
Amneera et al., 2013; Yen & Rohasliney, 2013). In this study, total suspended solid is
not included in the WQI considering that very low suspended solid below detection

limit is recorded in most of the ex-mining ponds and lakes examined.
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CHAPTER 3: MATERIALS AND METHODS
3.1 Instrumentation
The instruments used in this study were calibrated and tested to ensure accurate and
reliable results. ICP-MS, YSI multi probe, Modern water meter, and Spectrophotometer
(DR 300) were successfully utilized for the quantitative analysis of metals and the

selected water quality parameters.

311 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

ICP-MS is widely used in the assessment of metals in water and other environmental
samples (Bosch et al., 2016; Griboff et al., 2017; Sastre et al., 2002; Yang et al., 2016b).
ICP-MS received a wider acceptance with about 8000 ICP-MS instrument installed
globally (Thomas, 2008). Its advantages include high detection power, precision,
sensitivity, and low volume of sample consumption (Ammann, 2007; Hauser, 2016;

Poirier et al., 2016).

The metals determination in water samples from lakes and ex-mining ponds in the
Klang Valley and Melaka were performed using ICP-MS 7500ce (Agilent Scientific
Technology Ltd., USA) as shown in Figure 3.1. The sample injection system is made up
of a nebulizer and temperature controlled spray chamber attached to an auto-sampler. In
order to maintain the sensitivity of the instrument, the operating conditions listed in
Table 3.1 were tuned on a daily basis with a tuning mixture which consists of 10 pg/L

Ce, Co, T, Liand Y in 0.5% HCI and 2% HNO; (Low et al., 2012).
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Table 3.1: Instrumental and operating conditions for ICP-MS 7500ce

Parameters Conditions

Power (Watt) 1550
Plasma gas flow rate (L/min) 15

Auxiliary gas flow rate (L/min) 0.75
Sample depth (mm) 6-8

Carrier gas flow (L/min) 0.8-1.3

Sampler and skimmer cone Ni
He or H; gas flow (L/min) 3-5

Figure 3.1: Inductively Coupled Plasma Mass Spectrometer (ICP-MS)
(Agilent7500ce)

312 YSI Multiparameter Probe

For the in situ measurement of water quality parameters, the YSI multi probe as
shown in Figure 3.2 was used. It consists of several sensors and probes assembled into
single equipment. The portable multiprobe provides flexible measurements of many

physical and chemical parameters simultaneously such as pH, DO, BOD, TDS, EC and
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AN. The use of several optical and electrochemical sensors in YSI multiprobe gives it a
wider acceptance for the field surface water assessment. It gives and excellent
information by providing an instantaneous data which can be used at intervals to

monitor the temporal variability of the surface water quality.

Figure 3.2: YSI Pro Multiparameter Meter (Professional Series, Yellow Springs,
USA)

313 Suspended Solid Meter

For the measurement of solid particles in water samples, suspended solid meter (DR
900 colorimeter, HACH USA) as shown in Figure 3.3 was used. It allows for fast and
easy monitoring of surface water quality. It uses sensors that operate in the infrared
region which ensures long sensor life and reduces the effect of change in sample color.

The sensors uses ‘backscatter’ that allow higher levels solid measurement.
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Figure 3.3: DR 900 Colorimeter (HACH, USA)

3.1.4 Modern Water BOD Meter

Modern portable water meter (Shanghai, s/no 005) was used for in-situ BOD
measurement of water samples as shown in Figure 3.4. Its operating principle is based
on the excitation and fluorescence of tryptophan and similar compounds in a UV visible
wavelength band. These compounds are essential amino acids, which are associated
with microbial activity in waste water or sewage, and are found to correlate with

bacterial contamination and BOD.

3.15 Water Sampler

Water sampler (Figure 3.5) was used for sampling in ex-mining ponds and lakes. It is
suitable for surface water sampling due to easy control of the seals and drain valves for
sample removal. It retrieves large volume of water samples at the required depth and

floating sediment.
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Figure 3.4: Modern Water BOD Check (Ansac Tech, Singapore)

Figure 3.5: Water Sampler (Wildco, USA)
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3.2 Reagents and standard materials

The reagents used in this study were all analytical grade. All the plastic-wares used
were soaked in 15% HNO; (v/v), and rinsed twice with ultrapure water (UPW)
produced from the PURELAB® UHQ Il system (ELGA®, UK). In the preparation of

blanks and standard solutions, UPW was also used.

321 Calibration standard
The multi elemental calibration stock solution of 1000 mg/L for Fe, Na, Ca and Mg
and 10 mg/L for As, Cd, Pb, and Mn (Agilent Technologies, Newcastle) was used to

prepare the calibration and quality control (QC) solutions by appropriate dilution.

3.22 Certified reference materials

The standard reference materials for ICP Certipur® (Merck, Germany), SLR-4
riverine water reference material for trace metals (National Research Council of
Canada), and National Institute of Science and Technology standard reference materials
for trace elements in water (NIST 1643f, USA) were used to validate and verify the

ICP-MS procedure.

3.3 Study area

Tin mining activity occurred predominantly in the western part of Peninsular
Malaysia with ex-mining land covering about 113,700 ha (Takaijudin et al., 2012a). The
study areas include Klang Valley in Selangor state in central Malaysia, and Melaka state
in southern Malaysia. These areas were selected based on their relevance in mining
operation, and reports on water scarcity in the periodic water crisis (Azzlan et al., 2016;
Kusin et al., 2016). The water crisis in Klang Valley in February to August 2014 was
due to the continuous rise in demand for municipal, industrial and domestic uses as a
result of rapid population increase. Melaka experienced the worst water crisis in 1991

due to a very low level of water from its major water source, the Durian Tunggal Dam

46



(TDT) and Jus Dam. At the time of sampling for this study, the water levels in Durian
Tunggal and Jus Dams were very low, indicating the urgent need to supplement with
other possible sources. In the quest for alternative sources of water in the study areas,
safety and suitability must be taken into consideration. This is achieved by detailed
physical and chemical analysis and assessments of the relevant parameters based on the

established water quality guidelines.

331 Klang Valley

The Klang Valley (2.6817°N, 101.6613°E) is an area in central Selangor, centered in
Kuala Lumpur, and its connecting cities as shown in Figure 3.6. Demarcated between
the Mountains of Titiwangsa to the north and east, and to the west by the Strait of
Malacca, Klang Valley is the central industrial and commercial region of Malaysia. It
has a population of about 7.5 million people (about a quarter of the Malaysian total
population). The climate of the Klang Valley is tropical rainforest that is warm with
sunshine. There is abundant rainfall, especially between October to March, with an
average annual rainfall of 2000 — 3000 mm. The highest temperature in the study area is
between 29 °C to 32 °C, with average humidity of 65 % to 70 %, except in June, July
and September which are usually considered as dry season with low rainfall (Alatas,

2011; Althuwaynee et al., 2012).

The geology of the Klang Valley varies with different rock types, but mostly
dominated by the Kenny hill formation, especially in Puchong area with most of the ex-
mining ponds, and there is also deposit of limestone basement predominantly around
Kuala Lumpur (Morgan, 1968). Selangor state was one of the largest producers of tin in
Malaysia, producing up to 22% of the total Malaysia’s tin output. There are abundant
ex-mining ponds in Klang Valley due to the intensive mining activity with about 4909.6

hectares of ex-mining land. The ex-mining ponds and lakes are either abandoned, used
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for recreational activity, as a flood retention or to receive domestic effluents in the

residential areas as indicated in Table 3.2 (Takaijudin et al., 2012a).

Klang Valley i | h ) Legenc

§ Ex-mining Pond

£

{'.

ol £ thaal £ Lake

Figure 3.6: Map of the sampling locations in Klang Valley, Malaysia
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Table 3.2: Sampling Sites in Klang Valley

Type Area Sites Code Location Uses
N 03° 05' 35.4"
TKIA i
Tasik £ 10103553+ Leoreationa,
Kelana Jaya Kelana Java N 03° 05' 57 1" flood retention,
y TKJB ' domestic effluent.
E 101° 35'40.9"
N N 03° 14' 50.9" :
Gombak Tasik Biru B , . Recreational
. E 101° 31'38.6
2 Tasik N 02° 56' 50.4"
& Saujana TSP E 101° 34' 37.2" Recreational
2 Putra
C o 1 "
z _ TPPA N 02° 57' 27.8
< Puchong  Tasik Putra E 101° 36' 52.2" ,
. Perdana N 02° 57' 46.4" Recreational
TPPB '
E 101° 36' 21.8"
Tasik Prima N 02° 59'10.0" Recreational,
TPRP
Perdana E 101° 35'49.4" water-sports
. Tasik N 03° 10' 35.3" Recreational,
Titiwangsa . TT
Titiwangsa E 101° 42'21.3" water-sports
Petaling Tasik N 03° 06'17.8" Recreational,
TTJA .
Jaya Taman Jaya E 101° 38'53.0"  residential waste
Kuala Tasik TP N 03°08'31.9 Recreational
Lumpur Perdana E 101° 41' 06.5"
0 Tasik N 03° 04' 27.0" .
X Shah Alam  'O°  Eioreaoazge  eereational
- .
Shah Alam
Tasik N 03° 04' 42.4" Recreational,
Shah Alam TS7 .
7 E 101° 29'28.7" domestic effluent
. Tasik N 02° 55'12.5" Recreational,
Putrajaya . TPJ
Putrajaya E 101° 40' 52.6" water-sports
332 Melaka

Melaka (2°12'N, 102°15’E) is a state located in the southwestern part of Peninsular
Malaysia bordered by Johor to the south, and Negeri Sembilan to the north and west. It
is a historic state having a population of 913,210 with agricultural activities as the major

land use. Melaka is hot and humid with average temperatures ranging from 26 °C to
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30°C and average annual rainfall of 1430 to 2152 mm. It has limited water resources

due to its small size and low rainfall compared to other states (Shirazi et al., 2013).

The geology of Melaka is dominated by phyllite, but in the Jasin district up to Johor

the geological basement is limestone, schist sand and alluvium (Shirazi et al., 2015).

The ex-mining area in Melaka covers an area of 367 hectares, the ninth largest in

peninsular Malaysia. Most of the ex-mining land (356 ha) are located in Jasin where

TBC1, TBC2 and TBC3 are located (Figure 3.7). TR a large ex-mining pond in Negeri

Sembilan state near Melaka was included in this study for comparison with Melaka to

ascertain the geological influence on metal levels. The ex-mining ponds are used for

recreational and agricultural activities; the lakes are mostly utilized for water supply and

agricultural purposes (Table 3.3).

Melaka

: k":im;a‘_lacca ‘
Google Earth

Iz

Legend
£ Ex-mining Pond
£ Lake

10 mi

Figure 3.7: Map of the sampling locations in Melaka, Malaysia
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Table 3.3: Sampling Sites in Melaka

Type Area Sites Code Location Uses
§ Jasin -;Sllnk (:Br::;] TBC1 IIE\I 1%220012%1137% Recreational
Q; Jasin Z?lsllnk g::;: TBC2 IIE\I 1%220012691357% Recreational
£ ik Bi °16'27.3"
; Jasin 'IC':a;]s;lnk ;‘JE TBC3 Ilz\l 1%2201269231?% Recreational
SeNrrelg?lr;n Tasik Rantau TR é\l 1%210%172337 Agriculture
Jasin Jus Dam JD IIE\I 1%22002223;%32 Water Supply
m Alor Tasik Durian oT N 02°21'11.4"  Water Supply,
< Gajah Tunggal E 102°17'55.6"  Windsurfing
3 01 /120 (1
Jasin Tasik Tebat TBT é\l 1%22012%32)6;% Fishing

3.4 Water Sampling and Analysis

Water samples were collected from ex-mining ponds and lakes that had no mining
activity in the Klang Valley. Sampling was carried out from the 13 sites in the month of
September 2015, which is the end of a period considered to have low levels of rainfall.
The second phase of the sampling was carried out on 6" October 2016 from 7 ex-
mining ponds and lakes in Melaka, and 1 ex-mining pond in Negeri Sembilan. The
samples were collected from a 25 cm depth using a Wildco water sampler with nine
samples per sites for analysis (MacDougall & Crummett, 1980). Conc. HNO3 (Merck
suprapur®) was used to acidify all the water samples to lower the pH < 2 to prevent
metals sedimentation in the container (Sadeghi et al., 2012), then stored in acid washed
polyethylene bottles and transported to the laboratory in ice boxes conserved at 4°C for
metals analysis. Other parameters such as dissolved oxygen (DO), pH, electrical
conductivity (EC), total dissolved solid (TDS), and ammoniacal nitrogen (AN) were

measured and recorded in the field using portable YSI Pro multi parameter water quality
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meter (professional series), and the total suspended solid (TSS) was measured using the
DR 900 suspended solid meter. The biological oxygen demand (BOD) was also
measured in-situ using a portable water meter to avoid changes in the bacterial
concentration with time. The triplicates of each water sample were filtered using
0.45um PTFE filters before metal analysis using inductively coupled plasma-mass
spectrophotometry (ICP-MS) were carried out. The filtered water samples were
analysed for As, Cd, Pb, Mn, Fe, Na, Mg, and Ca with ICP-MS 7500ce (Agilent
Scientific Technology Ltd., USA). Blank and QC samples were checked after every ten
samples to demonstrate the validity of the previous runs. All analyses were carried out

in triplicates and the results were expressed as 95% confidence interval of the mean in

ug/L.

3.5 Data analysis

Descriptive statistics and one way ANOVA were carried out using MS Excel 2013 to
analyze the differences among sampling locations, and the results were reported at
p<0.05 levels. The non-detected concentrations were reported as half detection limit of
the metals (Farnham et al., 2002). Multivariate statistical analyses were carried out
using JMP Pro 12. PCA, FA, LDA and HCA analyze the variations in concentrations of

the metals and physical chemical parameters among the sampling sites.

Risk assessment of exposure through ingestion and dermal routes was carried out
using MS Excel 2013. Estimation of the metal concentrations was carried out using
Monte Carlo algorithm by appropriate selection from its particular distribution. In view
of the differences in physiological and behavioral differences, this study focuses on
estimating the exposure and risks of adult and children separately. The water quality
index formulation was also carried out using MS Excel 2013. The results of the

multivariate and risk analysis, and WQI were then thoroughly analyzed and discussed.
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CHAPTER 4: RESULTS AND DISCUSSION

This chapter explains the variation of some physical and chemical parameters in ex-
mining ponds and the lakes in the studied areas. The analysis of health risks and

exposure assessments, and water quality index formulation are also discussed.

4.1 ICP-MS Method verification

The coefficients of determination (R?) for ICP-MS calibration curves were all close
to 1.0. The measurement results as shown in Table 4.1 demonstrate a good agreement
with the certified values with recovery values ranging between 88% and 107%. This is
comparable with the analytical performance reported in a similar study (Assubaie,

2015).

4.2 Analysis of Metal Concentrations and Physical-Chemical Parameters
421 Klang Valley

The results of the 15 water quality variables are presented, and references made to
the Malaysian water quality standards in Table 4.2. The means and standard deviations
of the studied parameters are presented in Tables 4.3 and 4.4. Among the parameters,
heavy metals (Table 4.3) are of much concern in water researches due to their ability to
deteriorate the aquatic ecosystem and bio-accumulate to toxic levels, rendering the
water unsuitable for human consumption, irrigation, and recreational activities (Zhang
et al., 2009). The concentration of the metals vary significantly (p<0.05) with As, 0.50-
118.36 pg/L; Cd, 0.10-13.18 pg/L; Pb, <0.05-13.77 pg/L; Mn, 1.02-440.71 pg/L; Fe,
15-1185 pg/L; Na, 3810-17495 pg/L; Mg, 710-4949 ng/L; and Ca, 12084-44944 ng/L.
Such variation could originate from the past mining activity, historical background of
the ex-mining ponds and additional variations by the on-going anthropogenic inputs.
The ore commonly mined in Selangor was tin from the mineral cassiterite as tin oxide

(Sn0Oy). The metals associated with tin-ore are As, Cd, Pb, and Zn, and are usually

53



released to the environment by dissolution and erosion (Yusof et al., 2001). As, Cd, Pb,
Mn, Fe and Ni were found in mining areas and related to the ores and rocks crushed
during the mining process (Ashraf et al., 2015). However, most variations in the heavy
metal concentrations are usually due to the percentage natural abundance, natural
precipitation and aeration and dilution factor due to water from external sources (Ashraf
et al., 2010). As is one of the heavy metals of concern and it is a threat to the

environment due to its toxicity.

Cd is naturally found in small quantities in water, soil, and air (Suthar et al., 2009),
and it is a toxic element not required by plants. Based on the Interim National Water
Quality Standards for Malaysia (INWQS), the mean concentrations of both elements in
all the samples are below the benchmark level for Class 1A water supplies (which
require conventional treatment before use) (DOE, 2012). When referring to the
Drinking Water Quality Standard for Raw Water (DWQSRW), As and Cd
concentrations in TPPA, TPPB, and TPRP, As concentration in TS7 and Cd
concentrations in TPJ and TT are higher than the recommended values of 10 and 3 pg/L
respectively (MOH, 2004). As shown in Figure 4.1, high As and Cd are detected in
TPPA, TPPB and TPRP located in Puchong, which is an area that had active and
extensive mining activities (Balamurugan, 1991). Similarly, a high concentration of As
(66 mg/L) had been reported in the Bestari Jaya ex-mining ponds (Ashraf et al., 2011b),
and traces of Cd (0.04 mg/L) in the Kelana Jaya ex-mining ponds. These results suggest
that relatively high concentrations of As and Cd in the ex-mining ponds are plausibly
related to the ex-mining activities (Navarro et al., 2008). Mining operation results in the
elevated concentrations of As, Cd and Mn in the surface water above WHO drinking
water standard values. The dissolved As and Cd were derived from the ore mineral

phase controlled by carbonate minerals and amorphous iron (Woo & Choi, 2001).
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Table 4.1: ICP-MS Measurements on Certified Reference Material

Isotope of Analyte As g 208pp, >Mn *OFe “Na *Mg “Ca
Analysis Mode He Normal Normal He H> Normal Normal Normal
Detection Limit (ug/L) 0.1 0.004 0.05 0.03 2 1.27 0.3 1.18
Certipur® C(eJ;'/E‘id 50+5 2045 2545 30+5 100+ 10 8000500 15000500 350001000
Eﬂe;teerﬁgfe M(eif‘gfl_r)ed 46+ 1 19+1 2742 29+1 105+5 8300900 155004500 360001000
forter Ref%ery 92+1 97 + 4 106 + 17 98 +8 107+12 1024 101+1 104 +7
C(E’J;'/E‘;’d 0.68£0.06 0.012+0.002 0.086+0.007 3.37+0.18  103+5  2.4+0.2 1.6 +0.1 6.2+0.2
SLRS-4 Mf;;fl_r)ed 0.50+0.011 0.011%0.001 0.0810.003 3.36+003 108+3  25+02 15402 6.7+03
Re?%ew 88+5 98+ 9 94+ 4 99 +3 105+¢6  101+8 9747 106 +5
i C(GJS'/E‘;d 57.42+0.37 5.89+0.13 18.48+0.081 37.14+0.58 03.44+0.77 18830+240 7454 +58 29430+320
:Tl/llrsa% M(eifgs;‘l_r)ed 56.55+1.46 6.04+0.60 16.71+150 39.23+0.30 100.89+1.10 - 6773.5+77.00 27809.07+205.00
. Re‘(:f;;’)ery 98+5 102 +9 90+ 9 105 + 1 107 +2 - 01+11 94+3

Mean + 95% confidence limit of three replicates



Conversely, TS7 (a non-ex-mining lake) was also found to have a high As
concentration. This is possibly related to the urbanization and dense industrialization in
Shah Alam area (Abdullah et al., 2011; Khailani & Perera, 2013), where the sources of
As include industrial burning of fossil fuel, agrochemical and steel and metal coating
industries (Balamurugan, 1991; Hamzah et al., 2011). Similarly, it appears that the
source of high Cd concentrations in TPJ could be due to the frequent national and

international water sports competitions, transport and other recreational activities.

Pb accounts for 13 mg/kg of the earth's crust (Ashraf et al., 2015). In this study, Pb
concentrations found in all cases are below the DWQSRW requirement of 50 pg/L; and
are even below the method detection limit (0.05 pg/L) for TB and TSA. Pb
concentrations in the range of 19 to 75 pug/L had been reported in the ex-mining ponds

of Perak (Orji et al., 2014).

The variations in physical-chemical parameters in ex-mining ponds and lakes are
presented in Figure 4.1. Ex-mining ponds can be observed to be acidic or alkaline
depending on the mineralogy. The measure of acidity or alkalinity of water samples can
be numerically expressed with pH, which at lower values become corrosive, and at high
values have bad taste and harmful to the eyes and skin (Srinivas & Nageswara, 2010).
The useful nature of any water source is within the pH range of 6.0 and 8.5 (Garg et al.,
2010). Table 4.3 reveals that most of the ex-mining ponds are acidic. TKJA, TKIJB, TB,
and TSP are below the DWQSRW and INWQS Class 1A minimum permissible values,
and may not be suitable for domestic uses; whereas TPPB had a pH value of 10.0,
which is higher than the maximum limit of 9. This could be attributed to the variation in
tin ore type. Two distinct cassiterite were reported in Puchong area of the Klang Valley
with different dissolutions of the rock formations which might have contributed to the

dissimilarity in the levels of pH among other sites (Teh & Klang, 2002).
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Table 4.2: Malaysian Water Quality Standards (DOE, 2012; MOH, 2004)

Standards As Cd Pb Mn Fe Na Mg Ca DO BOD TDS pH TSS AN EC
DWQSRW 10 3 50 200 1000 200000 150000 - - 6 1500 5590 - - -
'NW?&C""‘SS 50 10 - 100 1000 - ] . 57 3 100 69 50 03 1000

Metals (ug/L), EC (us/cm), pH (No unit), other parameters (mg/L)



Table 4.3: Concentrations of metals and water quality parameters in ex-mining ponds Klang Valley

Variable TKJA TKJB B TSP TPPA TPPB TPRP TT
As 7.5%0.2 6.8+0.3 0.53 +£0.02 0.67 £0.03 11.3+0.4 116 + 2 420+0.5 2.13+0.05
Cd 0.03+0.01 0.09+0.01 0.01+0.01 1.14 £ 0.02 129+0.2 12.23+0.02 1219+0.01 12.15+0.01
Pb 0.23+0.03 0.79+0.06 <0.05 135+0.1 45+0.3 3.6%0.2 3.7+0.3 3.51+0.07
Mn 124 +3 36.4+0.8 18.0+0.6 438 + 2 125+ 2 1.4+0.3 3.3%0.1 114+0.2
Fe 1166 + 11 241+1 240 %2 360 =5 460 £ 4 35.8+0.6 151+0.1 34 +2
Na 8093+69 17247 +199 4303 + 34 3876 + 43 14516 £153 12367 + 205 10572 + 68 1484 + 7
Mg 1554 + 20 1561 + 27 718+ 6 4903 + 40 2219 + 106 1853 + 32 3863 + 23 5628 + 25
Ca 23513+ 374 28545+326 12500 £ 336 25428 + 256 21277 +161 34246 +179 44346 £ 454 27632 + 256
DO 091+£0.07 1.35%0.07 42+0.1 5.2+0.2 6.1+0.1 0.38 +£0.03 0.47 £0.04 411 +0.09

BOD 59+04 9.7+0.1 25%0.2 3.4+0.8 8+1 28+0.3 2.77 +0.07 15+01
TDS 89+1 125+1 46+1 172 +1 132 +1 161 +1 161+1 113+ 2
pH 093+0.09 1.35+0.06 42+0.2 52+01 6.1+0.2 10.00 +0.09 8.23+0.09 8.25+0.05
TSS 4.6 +0.5 16+1 <5 <5 6.7+0.5 <5 <5 <5
AN 0.16 +0.02 0.33+0.01 0.06 +0.01 0.09 +0.01 0.25+0.03 0.16 +0.01 0.19+0.01 0.05+0.01
EC 145+ 2 203+ 1 75+1 286 + 2 217+ 2 276+ 1 281+1 189+1

Metals (ug/L), EC (us/cm), pH (No unit), other parameters (mg/L)
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Lakes showing slightly basic pHs within the tolerable range are shown in Table 4.4. This
is similar to the findings in the Bukit Merah reservoir and Lake Chini with mean pH values
of 7.0 and 6.5 respectively (Akinbile et al., 2013; Shuhaimi-Othman et al., 2007). Basically,
during the oxidation of metal ores such as FeS,, H" is released which consequently lowers
the pH of the mine water (Singer & Stumm, 1970; Yaacob et al., 2009). Meanwhile,
carbonates increase the pH within the alkaline region (Johnson & Hallberg, 2003). In
general, low pH is likely to precipitate metals in solution resulting in high concentrations
and impairment of the water quality. Therefore, acidic water usually contains high
concentration of metals and metalloids such as As due to the variation in the environment
and mineral ores (Johnson et al., 2000; Salomons, 1995). These possibly explain the notable

discrepancies in metal concentrations and pH values among the sites.

The depletion of DO level is one of the most recurrent effects of pollution in water
bodies (Srivastava et al., 2009). The DO values for the studied lakes are mostly lower than 5
mg/L (INWQS Class I1A), except for TSP and TPPA. DO values of 3.32 mg/L, 4.26 mg/L
and 4.17 mg/L had been previously reported in the ex-mining ponds of Kelana Jaya. This is
a threat to aquatic lives as DO is essential for the metabolism of all aquatic organisms. This
might be the reason for dead fishes noticed floating in the Kelana Jaya ex-mining pond
(TKJA). The low DO in some of the ex-mining ponds could be associated with the low pH
value, and acidic medium is generally found to lower the DO of water samples due to the
decomposition of organic matter (Akinbile et al., 2013; Kannel et al., 2007; Shuhaimi-
Othman et al., 2007). Presence of organic matter such as carbon based materials comprising
of dead plants and animals, kitchen waste and rotten leaves deplete the oxygen level in

water bodies due to microbial decomposition.
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To a certain extent, the waste assimilative capacity of water can be measured with
reference to the DO levels (Srinivas & Nageswara, 2010). The low DO is likely
attributed to the decaying organic matter by bacteria from domestic wastes, as noticed
that some of the lakes served as a reservoir for domestic effluents from residence areas.
In this context, BOD is commonly used to assess the contamination of surface water due
to domestic and industrial activities. BOD is the amount of oxygen needed by bacteria
to decompose organic matter under aerobic conditions. The presence of organic
compound in surface water enhances microbial growth which increases the
concentration of BOD. In Tables 4.3 and 4.4, BOD values above 6 mg/L (DWQSRW)
are observed in TKJA, TKIB, TPPA, TTJA, TSA, and TS7; where Tasik Kelana Jaya
and Tasik Shah Alam receive domestic waste from the surrounding residential areas.
The effect of domestic waste noticed on the water surface can easily be quantified by

the amount of BOD, as most of the lakes directly received residential effluent.

The presence of AN in water bodies is also an indication of pollution; it is the level
of toxic ammonia present as a result of leaching or disposal of sewage or manure. The
levels of AN show a range of 0.02-0.48 mg/L and 0.05-0.32 mg/L for the ex-mining
ponds and the lakes (Tables 4.3 and 4.4). The TKJB, TTJA, and TS7 lakes have AN
concentrations greater than the INWQS Class 1A maximum limit of 0.3 mg/L. The high
AN levels at these sites coincide with the low DO and high BOD values, indicating that
the pollution is due to organic matter as a result of the flow of domestic effluent and
recreational activities. In a similar study, high AN concentration was reported in the
Kelana Jaya ex-mining pond as a result of high loading of organic matter from the

sewage (Yap et al., 2007).

The anthropogenic input in surface water determine the quantity of the insoluble

particulate matter mostly related to organic particles, surface runoff, sewage and waste
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water (Amneera et al., 2013; Chigor et al., 2012; Zhang et al., 2016). The levels of TSS

in most of the ex-mining ponds studied in Klang Valley are generally low compared to

the lakes, and all values are below the INWQS Class I1A limit of 50 mg/L. The polluted

ex-mining TKJB pond records the highest TSS value of 16 + 1 mg/L, while TSA is 13.7

+ 0.5 mg/L which could be attributed to the domestic sewage and waste water from the

surrounding residences. In a similar study for comparison, the TSS in Chini lake and

Bukit merah reservoir was found to be 8.72 and 1.75 mg/L respectively (Akinbile et al.,

2013; Shuhaimi-Othman et al., 2007).

Table 4.4: Concentrations of metals and water quality parameters in lakes of Klang

Valley
Variable TTJA TP TSA TS7 TPJ

As 1.13 £ 0.06 3.8+0.1 3.37x£0.2 144+04 75+0.3
Cd 0.33+0.02 0.06+0.01 0.02+0.01 0.05+0.01 1217+0.01
Pb 052+0.02 0.36+0.01 <0.05 0.66 £ 0.02 44+0.2
Mn 186+ 1 35.7+0.3 68 + 2 405+ 3 100+ 1
Fe 151+4 228+ 6 2796 1540 + 25 841+ 7
Na 5269 + 34 3320 £ 37 5540 + 44 9870+ 25 21520 + 276
Mg 1829 + 16 2234 + 40 2716 + 46 3043 £ 30 1650 + 21
Ca 15280 £ 73 25194 +57 43423 +184 21256 +70 31245+ 128
DO 3.3+£0.2 3.6+0.1 28+0.1 1.33+£0.05 44+0.1

BOD 75+0.2 3.54+0.07 8.85+0.08 8.2+0.2 2.10+£0.09

TDS 176 £ 2 87+2 109+1 117+ 2 90+2
pH 79+0.2 8.32+0.02 8.49+0.03 76+0.1 85+0.1
TSS 9.7+05 6.7+0.9 13.7+£05 <5 <5

AN 0.33+0.02 0.23+0.02 0.02+0.01 049+0.05 0.16+0.01
EC 291+1 147 +1 184+1 2053 146 £ 2

Metals (ug/L), EC (us/cm), pH (No unit), other parameters (mg/L)
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4.2.1.1 Principal Component Analysis

PCA was carried out to show the distribution of parameters in the studied areas, in
which their variability in water samples was analyzed. The PCs which are usually
important (eigen values > 1) describe the largest variations in the entire data set up to
82% (Table 4.5). The first factorial plane (plot of PC1 against PC2) contained most of
the information and therefore primarily considered (Alberto et al., 2001; Atanackovi¢ et
al., 2013; Zhang et al., 2009). PC1 and PC2 respectively account for 26.6% and 18.3%

of the total variation of water quality in Klang Valley.

The PC loadings indicate the directions and strength of the variations of the water
quality parameters, whereas the scores summarize the relationships among the samples.
The loadings of PC1 contain positively correlated parameters which comprises of As,
Cd, Pb, Mg, Ca, TDS, pH and EC as the major contributors (Figure 4.2). This is
indicative of heavy metal pollution which is likely related to the previous mining
activities. PCA was applied to study metal pollutants in the abandoned mines, in which
PC1 shows strong loading of parameters related to dissolution of sulfide minerals
during mining (Atanackovi¢ et al., 2013). Similarly, PCA was applied in the evaluation
of anthropogenic levels and mobility of rare earth metals in ex-tin mining area (Khan et

al., 2016).

Besides that, the dominance of Ca over K and Na also suggest that weathering is
also one of the main sources of the metals in the water samples (Subramani et al., 2010).
By comparing the scores and loadings in Figure 4.2, it can be inferred that the ex-
mining ponds TPRP, TPPB, and TSP are highly loaded with hazardous metals
associated with mining activities. Again, this renders the water unfit for neither
domestic nor recreational activities. PC2 has high positive loadings for Mn, BOD, TDS,

AN, EC and high negative loading for DO; which are indicative of pollution as a result
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of domestic effluent discharges (Mustapha et al., 2013). Hence, the scores on PC2 show
that TKJB, TTJA and TS7 are polluted mainly by domestic sewages. Emphases was
given on the adverse health effects and environmental risk associated with domestic
wastes (Babayemi et al., 2016). Generally, the PCA bi plot separates the PCs into two
parts showing deterioration of water quality based on metals (PC1l) and organic

pollutants (PC2).

PC3 explain 17.50% of the total variation in the data set with positive loading on
Mg, DO, Pb, Mn, and Fe which could be due to dissolution of rock minerals, and
pollution from anthropogenic source (Baltrusaitis & Sviklas, 2016; Mustapha et al.,
2013). The strong positive loading on Fe and Na, and negative loading on DO in PC4,
and Cd, Pd, and DO in PC5 could be due to weathering and organic pollution, and the

results of past mining operation respectively (Low et al., 2016).

The results of the PCA show a clear variation in levels of metal pollutant among the
sites studied which confirm the sources to be anthropogenic, and traces its origin to

previous mining operation.
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Y Putrajaya (TRJ)
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Figure 4.2: PCA bi-plot of metals and physical-chemical parameters in Klang Valley
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Table 4.5: Percent explained variance for PCA in Klang Valley

Variable PC1 PC2 PC3 PC4 PC5

As 0.38929 0.07819 -0.35845 0.19950 -0.18525

Cd 0.35642 -0.12528 -0.15755 0.24196 0.35651

Pb 0.31181 0.07053 0.36546 0.05857 0.27730

Mn -0.03136 0.34763 0.45211 0.18719 -0.09242

Fe -0.24585 0.17282 0.13013 0.50125 -0.12062

Na -0.01319 0.15983 -0.29563 0.38187 0.56948

Mg 0.31175 0.03210 0.31227 -0.15482 -0.15875

Ca 0.26539 0.02141 -0.29655 -0.14963 -0.00556

DO 0.00933 -0.19949 0.40241 -0.07796 0.52490

BOD -0.27196 0.40544 -0.08551 -0.21621 0.15714

TDS 0.31799 0.42266 0.03630 -0.16443 0.03778

AN -0.14450 0.44190 -0.06342 0.25175 -0.05172

pH 0.31467 -0.04169 -0.07906 0.05183 -0.13053

SS -0.24248 0.19755 -0.19401 -0.50183 0.26014

EC 0.33010 0.42025 0.02165 -0.14830 -0.00521
Eigen Value 3.98 2.74 2.62 1.75 1.19
Variance (%) 26.60 18.30 17.50 11.70 7.99
CV (%) 26.60 44.85 62.32 74.00 81.99

CV = Cumulative Variance

4.2.1.2 Factor Analysis
Factor analysis (FA) was applied to provide information on the most meaningful
parameters in ex-mining ponds and lakes that describe the whole data set allowing data

reduction with least loss of information (Zhou et al., 2007).

PCA generates PCs which are sometimes not easily interpreted; therefore it is
desirable to rotate the PCs by varimax rotation. VVarimax rotation was applied on PCs

with eigen value > 1 considered as significant to obtain new group of variables called
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varimax factors (VF) (Juahir et al., 2011). In FA, the number of VVFs produced due to
varimax rotation is equal to the number of variables in accordance with common
features including latent, hypothetical, and unobserved variables. The correlation of VF
greater than 0.75 are considered strong, 0.75 — 5.0, 0.5 — 0.3, as moderate and weak

significant factor respectively (Liu et al., 2003; Vega et al., 1998).

Table 4.6 reveals the selected VFs and corresponding variable loadings. Among the
five VFs, 27% of the total variance is contributed by VF1 strongly associated with EC
and TDS, and moderately associated with Pb, and Mg which are related to ions due to
weathering and dissolution of rocks, and heavy metal pollution which may originate
from previous mining operation (Modoi et al., 2014). VF2 explaining 18% of the total
variance has strong positive loadings on BOD and SS, associated with organic
pollutants and anthropogenic inputs. The ex-mining ponds and lakes in Klang Valley
especially TTJA, TKJA, and TKJB are influenced by domestic input from residences
which raise the levels of organic matter. Fe and Mn are the significant parameters in
VF3 which accounts for 17% of the total variance, which may be due to natural
background concentrations. Fe and Mn often occur naturally in strong association in
water and sediment of lakes, and released to the environment due to weathering of Fe
and Mn bearing minerals (Davison, 1993; Kacmaz & Burns, 2017). VF4 is a factor of
pollution due to oxygen consuming substances; it explains about 12% of the total
variance and has a strong negative loading on DO which can be explained in
consideration to residence discharges into the lakes. VF5 explains 8% of the total
variance and has strong loading on Na and weak loadings on As and Cd which may be
associated with past mining activity. As and Cd are the major heavy metal pollutants in

this study.
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The results of the factor analysis generally reveal dominance of heavy metal and

organic matter influences on water quality of ex-mining ponds and lakes which agrees

with the results of PCA. This justifies that ex-mining water needs to be analyzed

carefully on the intended use for human consumption.

Table 4.6: Loadings of parameters on significant VVFs for ex-mining ponds and

Lakes in Klang Valley

Variable VF1 VF2 VF3 VF4 VF5

As 0.268993  -0.343671 -0.208155 -0.665130 0.333790

Cd 0.244413  -0.556063 -0.380194 0.000003 0.599397

Pb 0.642828  -0.414877 0.048290 0.502478 0.067237

Mn 0.440694  -0.004093 0.797292 0.278590 -0.201031

Fe -0.259623  -0.018074 0.862054 -0.051156 0.129207

Na -0.035187 0.109709 0.126701 -0.090781 0.947282

Mg 0.612959 -0.379833 -0.097813 0.199828 -0.380655

Ca 0.312625 -0.087223 -0.504316 -0.382739 0.176896

DO -0.012509  -0.099504  -0.065255 -0.931608 0.007360

BOD 0.102741 0.869764 0.286224 0.072011 0.090225

TDS 0.954929 0.085152  -0.019837 -0.151513 0.074291

AN 0.167754 0.348355 0.630328 -0.303180 0.249564

pH 0.328221 -0.442459  -0.270910 -0.227620 0.051959

SS -0.026113 0.949329  -0.236455 0.010621 0.016951

EC 0.955605 0.051150  -0.018975 -0.202444 0.064142

Eigen Value 3.9 2.7 2.6 1.7 1.1

Variation (%) 27.0 18.4 17.7 11.8 8.07
CV (%) 27.0 45.4 63.1 74.9 82.9
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4.2.1.3 Hierarchical Cluster Analysis
The essence of applying HCA is to identify the grouping among the sampling sites
based on their similarity, and to determine the specific contaminated sampling locations

based on the pollution levels (Simeonov et al., 2002; Sundaray et al., 2011).

Clusters are classified based on the physical analysis of the dendrogram using Ward’s
method as a linkage rule (Atanackovi¢ et al., 2013; Songur & Top, 2016). Euclidean
distance is chosen as a measure of similarity between the sampling sites. The
dendrogram (Figure 4.3) shows clusters based on water quality at each sampling site
with respect to the variations in the physical-chemical parameters and metals

concentrations.

The thirteen sampling sites are classified into two separate clusters. The clusters
show the influence/dominance of the pollution sources on water quality as suggested in
PCA. As shown in the dendrogram, Cluster 1 is formed with TIYA, TKJA, TKJB, TP,
TB, TSHA and TSH7, while Cluster 2 has TSP, TPPA, TPJ, TT, TPPB and TPRP.
Cluster 1 is associated with contaminants (AN, BOD, and DO) possibly from domestic
source, while Cluster 2 contains 63% of the ex-mining ponds characterized by high
metal concentrations (As, Cd, Pb, Mn and Fe) that could be related to ex-mining
activities. This makes the sites in Cluster 2 potential sources of toxic metal pollutants.
Similarly, the sub-clusters reveal a similarity in terms of the degree of pollution among
the linked sampling sites. Within Cluster 1 sites that show similar patterns of

contamination are TP, TB, and TKJA.

Based on their specific locations, sites in Cluster 1 are surrounded by residential,
commercial, and industrial areas while sites in Cluster 2 are surrounded by residential

and industrial areas. The metal pollution in most of the sites (Puchong) of Cluster 2
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could possibly be influenced by past mining operation being a predominant mining area

(Ahmad & Jones, 2013; Balamurugan, 1991).

The results of the HCA confirm the influence of heavy metals and domestic wastes

in groupings of the sites which could assist in consideration of the water for beneficial
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Figure 4.3: Schematic dendrogram on the pollution level of man-made lakes in

42.1.1 Linear Discriminant Analysis

LDA was used to predict the parameters which distinguish the ex-mining ponds from
other lakes, by identifying the most significant parameters among the predictors
(parameters under study). The model constructed with the training set give an accurate
prediction (R? = 1.000), with no misclassification for the validation set, the overall

classification matrices reveal that 100% of the samples are correctly classified.
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Furthermore, the multivariate analysis of variance (MANOVA) for Pillai’s Trace,
Wilk’s Lambda, Hotelling Lawley, and Roy’s — Max Root give significant results (F =

385.8740, p < 0.0001).

In Figure 4.4 water samples from the ex-mining ponds are perfectly separated from
others in the direction of Canonical 1. In this context, Mn, Cd, Ca, and As are highly
associated with the ex-mining ponds, while pH, Fe, Mg, Na and EC are associated with
the lakes. Similarly, the larger F — ratio value (much greater than 1) and the
corresponding p — value, represent the significant difference (p < 0.0001) between the
parameters in ex-mining ponds and lakes (Table 4.7). pH has the largest F — ratio of
103.601 (p < 0.0001) indicating much differences in acidity between ex-mining ponds
and lakes in Klang Valley. Among the toxic heavy metal pollutants, As makes the
largest contribution (F — ratio = 31.446, p = 0.0000090) in explaining the difference in
water quality between ex-mining ponds and lakes, followed by Cd with (F — ratio =
18.714, p = 0.0000306). Though Pb has an F — ratio slightly greater than 1, no
significant difference is observed (F — ratio = 1.832, p = 0.1885145). This is attributed
to the low Pb concentrations in the studied sites. Mg (F — ratio = 0.073, p = 0.7898319)
make the least contribution to the variation in water quality of the studied sites; these

results justify the consideration given to the selected metals in this study.

The results presented for Klang Valley lakes/ex-mining ponds reaffirm that mining
activities resulted in the release of toxic heavy metals, thereby significantly affecting the
useful nature of the surface water quality (Wolkersdorfer, 2008). Hence there is a need
to improve the water quality by metal removal and treatment processes for its proper

utilization.
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422 Melaka

The results of the metal concentrations and physical-chemical parameters are
presented in Table 4.8 and Table 4.9. There are significant variations at (p<0.05) with
As, 0.7-11.71 pg/L; Mn, 20.34-170.71 pg/L; Fe, 1.95-1586.05; Na, 2412.96-5562.75
pg/L; Mg, 845.52-2270.16 pg/L; and Ca, 2856.37-9134.99 ng/L. The variations in As,
Mn and Fe concentrations could be attributed to the natural background concentration
(Kusin et al., 2016; Ng et al., 2003). Mn and Fe, mostly have strong association in
natural water (Swistock et al., 2015). The ex-mining ponds studied in Melaka and
Negeri sembilan are found to contain low metal concentrations below INWQS and
DWQSRW as shown in Figure 4.5, TR ex-mining pond recorded the least As
concentration of 2.62 ug/L. Pb and Cd are not detected in both ex-mining ponds and
lakes. Melaka is situated on limestone basement and granite peaks (Khoo & Tan, 1983,
Schwartz & Askury, 1989), and these influence the geochemical properties of the ex-

mining water resulting in high pH and low metal concentrations.
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Figure 4.4: Canonical plot for discrimination of water samples from ex-mining ponds
and lakes in Klang Valley
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Table 4.7: Analysis of discriminating variables in ex-mining ponds and lakes in

Klang Valley
Variable F — Ratio p - Value
As 31.446 0.0000090
Cd 18.714 0.0000306
Pb 1.832 0.1885145
Mn 8.122 0.0088393
Fe 41.481 0.0000012
Na 12.871 0.0014826
Mg 0.073 0.7898319
Ca 4.808 0.0382683
DO 0.386 0.5403236
BOD 0.476 0.4969912
TDS 1.510 0.2310475
AN 3.893 0.0601130
pH 103.601 0.0000000
SS 0.709 0.4079633
EC 13.549 0.0011749
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A high Fe concentration of 1437 pg/L, and slightly high As concentrations above
recommended standards of 1000 pg/L and 10 pg/L, respectively are reported in Tasik
Tebat, a lake in Jasin with frequent fishing activity. The source of the As could be
associated with the pesticides used to preserve the wooden boats, and the natural soil
background concentration (Xing & Liu, 2011). A study of the geological analysis of
Melaka ex-mining lands, shows the absence of metallic minerals (Osman & Siong,
2012). It is generally observed that ex-mining ponds in Melaka are not influenced by
domestic or anthropogenic inputs. Agricultural activities around the studied sites are
mostly rubber and palm oil cultivation whereby Melaka has the largest rubber plantation
industry in Malaysia, covering over 1200 hectares (Courtenay, 1981; Leong et al.,
2007). The variations in metal concentrations could therefore be due to the natural

percentage abundance and geological background.

The physical-chemical parameters are also found to be within the INWQS and
DWQSRW as shown in Figure 4.5. The pH of all the ex-mining ponds and lakes are
within the acceptable range of 6.5 to 8.5, except Tasik Rantau which has a pH value of
10.3 £ 0.06. Tasik Rantau is located in Negeri Sembilan state near Melaka with a more
basic rock basement (Ghani et al., 2008). Similarly Tasik Rantau surrounded by greeny
vegetation has a DO of 9.16 mg/L, and this is higher than the values recorded in other
sites studied in Melaka. DO concentration in Tasik Bukit Kalil and Tasik Tebat are
observed to be less than the recommended guideline of 5 mg/L. This could be attributed
to the new residential water inlet to Tasik Bukit Katil, and very low water level in Tasik
Tebat. Organic matter are discharged from residential houses, and low dissolved oxygen
is associated with the bottom water in aquatic ecosystem due to imbalance between
oxygen supply from the surface waters and removal of oxygen from bottom water

(Breitburg et al., 1997; Seitaj et al., 2017).
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Table 4.8: Concentrations of metals and water quality parameters in Melaka ex-mining ponds

Variables TBC1 TBC2 TBC3 TR
As 9.28+0.15 6.39+0.07 6.79+0.21 2.62+0.06
Cd <0.3 <0.3 <0.3 <0.3
Pb <0.2 <0.2 <0.2 <0.2
Mn 23+1 51+1 112+1 132+2
Fe 10+6 70x15 312+54 342+18
Na 288812 4078+44 4068+26 337249
Mg 1923+13 2238+23 2059+12 177117
Ca 6202+13 6127126 5295+19 9084140

DO 5.14+0.23 6.11+0.09 4.99+0.19 9.16+0.33
BOD 0.9+0.01 1.15+0.02 1.16+0.02 1.96+0.00
pH 7.24+0.00 7.31+0.01 7.01+0.05 10.28+0.06
TDS 47+0.00 5940.31 56+0.00 77+0.92
TSS <5 <5 <5 <5
AN 0.02+0.00 0.07+0.00 0.07+0.00 0.22+0.02
EC 82+1 102+1 97+1 136+2

Metals (ug/L), EC (us/cm), pH (No unit), other parameters (mg/L)
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Table 4.9: Concentrations of metals and water quality parameters in Melaka lakes

Variables JD TDT TTB TBK
As 0.72+0.02  1.28+0.02 10.48+0.89 4.67+0.64
Cd <0.3 <0.3 <0.3 <0.3
Pb <0.2 <0.2 <0.2 <0.2
Mn 128+11 20+0.09 10716 170+0.49
Fe 194+18 109+13 14371141 857+44
Na 3666+44 5497146 2438+19 5072+49
Mg 1197+£15  1626+1346 979+11 861+6
Ca 4379+16 5466+106 287514 576328
DO 4.89+0.01 6.09+0.53 4.56+0.30 3.67+0.12

BOD 1.25+0.03 1.09+0.01 2.12+0.00 1.5+0.01
pH 8.2+1.47 7.1840.06  7.05+0.01 6.88+0.01
TDS 45+0.00 62+0.00 27%0.00 48+0.31
TSS <5 <5 <5 <5
AN 0.28+0.04 0.17+0.00 0.03+0.01 0.09+0.01
EC 77+1 107+1 46+1 80+2

Metals (pg/L), EC (us/cm), pH (No unit), other parameters (mg/L)
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Figure 4.5: Heavy metal levels and physical-chemical parameters in ex-mining ponds and lakes in Melaka
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4221 Principal Component Analysis

The variations in water quality parameters in Melaka ex-mining ponds and lakes
were studied using principal component analysis, which reveals that PC1 and PC2
account for 46.2% and 23.6% of the total variance respectively. The loading of PC1
comprises of EC, DO, TDS and Ca as the major contributors (Figure 4.6). This is
indicative of dissolution of rocks due to weathering and leaching (Atanackovi¢ et al.,
2013), and absence of anthropogenic influence around the ex-mining ponds and lakes
studied. PC2 is strongly loaded with Mn, Fe, pH, and BOD which could be attributed to
natural background concentrations, geological background and low water level in most
of the studied lakes. The land use around the studied sites are forest and agriculture
mostly palm oil and rubber plantation (NAHRIM, 2009). In a study on water quality of
Malaysian lakes, good water quality index of lakes, and rivers in Melaka were reported
as class 1A suitable for human consumptions (Sharip et al., 2014). Table 4.10 gives the

significant PCs and parameter loadings in Melaka.

| Station
4 . ] # Jus Dam (DY)
1 : ¥ Tasik Biru Chin Chin [TBCT)
' M Tasik Biru Chin Chin [TBCZ2)
*EE _i‘-;::.HI‘r A Tazik Biru Chin Chin [TBC3)
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i B Tasik Durian Tunggal (TOT)
] W Tasik Rantau (TR)
. 4l Tasik Tebat (TTB)
£
£
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S \
4Mg - Lake
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-4 -2 0 2 4

Component 1 [(46.2 35)

Figure 4.6: PCA bi-plot of metals and physical-chemical parameters in Melaka
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Table 4.10: Percent explained variance for PCA in Melaka

Variable PC1 PC2 PC3

As -0.25543 -0.11357 0.51491

Mn -0.07173 0.45331 -0.19535

Fe -0.30200 0.36399 0.07955

Na 0.13064 -0.15196 -0.50385

Mg 0.25399 -0.34286 0.31430

Ca 0.37279 0.08796 0.15347

pH 0.30552 0.34352 0.25143

DO 0.35433 0.18302 0.24415

BOD -0.08267 0.54034 0.18344

TDS 0.41444 0.01180 0.00195

AN 0.21724 0.23865 -0.39670

EC 0.41614 0.01372 0.01808
Eigen Value 55 2.8 2.1
Variance (%) 46.2 23.6 17.4
CV (%) 46.2 69.8 87.2
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4.2.2.2 Factor Analysis

The most important variables in explaining water quality of ex-mining ponds and
lakes in Melaka are explained using three VFs (Table 4.11). VF1 explains 35% of the
total variance with significant loading on Mg and Fe which are related to weathering
and dissolution of rocks minerals (Juahir et al., 2011). The negative loadings on As
signifies the absence of toxic heavy metals influence on water quality of Melaka lakes
and ex-mining ponds. Ca and pH are the most significant parameters in VF2 which
explain 27% of the total variance suggesting high pH and dissolution of carbonate
rocks; this justifies low levels of toxic metals in Melaka ex-mining ponds. VF3 explain
13% of the total variance with strong positive loading on TDS and EC, and strong
negative loadings on As which indicate presence of inorganic salts and dissolved ions
due to weathering, and absence of toxic heavy metals. The land use around Melaka ex-

mining ponds is largely limited to agriculture (rubber and palm oil) and forestry.

4.2.2.3 Hierarchical Cluster Analysis

Grouping among the sampling sites and identifying the polluted sampling locations
were analyzed using HCA. However, two-way HCA was introduced to study the
distribution of the studied parameters due to the very low metal concentrations in the
sample locations as shown in Figure 4.7. Three clusters are observed in which all the
ex-mining ponds in Jasin and lakes formed cluster 1 with similar patterns of metal
distribution among the sub-clusters which could be from the dissolution of rocks
(Atanackovi¢ et al., 2013; Berger et al., 2000; Caraballo et al., 2016). Tasik Tetab
formed cluster 2 which shows the influence of human activity such as fishing. Tasik
Rantau an ex-mining pond from the neighboring state of Negeri Sembilan belongs to
cluster 3 with significant parameters suggesting weathering and dissolution of rocks,

and absence of anthropogenic input. The two-way HCA clearly reveals the absence of
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significant influence of toxic heavy metals (As, Cd, and Pb) on the water quality of

Melaka ex-mining ponds and lakes.
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Figure 4.7: Two way HCA of ex-mining ponds and lakes in Melaka

It is clear that Tasik Tebat, a popular fishing lake, shows noticeable As concentration
which is possibly related to the preservatives used on the fishing boats (Edwin &
Thomas, 2001; Sreeja, 2008). The low metal levels could plausibly be associated with
buffering of the ex-mining water due to dissolution of limestone host rocks (Berger et

al., 2000).
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Table 4.11: Loadings of the parameters on the VVarimax-rotated PCs for ex-mining
ponds and lakes in Melaka

Variable VF1 VF2 VF3
As -0.366750 0.065292 -0.911744
Mn -0.678215 -0.595996 -0.232758
Fe 0.731216 -0.260477 0.441138
Na 0.544570 0.701043 -0.299781
Mg 0.900682 0.182523 -0.186980
Ca 0.087484 0.928686 -0.063088
pH 0.245810 0.864669 0.169602
DO 0.279822 0.470352 -0.106327
BOD 0.119770 0.290037 0.197399
TDS 0.025409 -0.009227 0.965569
AN 0.199124 0.336411 0.201565
EC -0.366750 0.065292 0.911744
Eigen Value 4.5 3.5 1.7
Variance (%) 35 27.6 13
CV (%) 35 62.6 75.6

4.2.2.4 Linear Discriminant Analysis
LDA was successfully applied to study the parameters that differentiate the ex-
mining ponds from the lakes. The model obtained gave accurate predictions with R? =

1.00 and no misclassification observed. As shown in Figure 4.8, there was a clear
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separation between water samples from ex-mining ponds and lakes. The parameters
associated with ex-mining ponds are As, Mn, Ca, Mg, and EC, on the other hand pH,
and Na were highly associated with lakes. This demonstrates that weathering and
dissolution of rocks are the main sources of metals in the ex-mining ponds. Weathering
of host rocks and mine tailing were associated with high metal levels in mines and
adjacent rivers (Fanfani et al., 1997; Favas et al., 2011). Similarly, association of Na and
pH in the lakes indicate a natural source of the parameters. Furthermore, MANOVA
reveals no significant difference between the ex-mining ponds and lakes. F-ratio values
(Table 4.12) shows P values > 0.05 except for Mn with the highest contribution (F -
Ratio = 9.520, p = 0.0215123), Na (F - Ratio = 3.584, p = 0.1071900), and As (F - Ratio
= 2912, p = 0.1387763). Fe (F - Ratio = 0.05, p = 0.9469950) make the least

contribution to the differences in water quality of ex-mining ponds and lakes in Melaka.

This finding suggests no influence of toxic heavy metals in ex-mining ponds of

Melaka, and they can be considered for human consumption and domestic purposes.
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Table 4.12: Analysis of discriminating variables in ex-mining ponds and lakes in

Melaka
Variable F — Ratio P - Value
As 2912 0.1387763
Cd 0.310 0.5979105
Pb 0.209 0.6638567
Mn 9.520 0.0215123
Fe 0.005 0.9469950
Na 3.584 0.1071900
Mg 0.834 0.3962430
Ca 0.556 0.4842161
pH 1.113 0.3320963
DO 0.188 0.6794826
BOD 0.110 0.7517046
TDS 0.882 0.3839634
AN 1.381 0.2844826
EC 0.056 0.8213686

4.3 Preliminary Human Health Risk Assessment

Studies on human health risk assessments relate the risks and exposure to the metals
in a medium and the duration of the exposure. Considering that water ingestion goes
directly into the human system, a study on toxicity of the metals and proper risk

evaluations are of great concern. As, Cd and Pb were selected for the risk analysis, but
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emphasis was given to As due to its dominance in the ex-mining water (Ashraf et al.,
2011b; Ngure et al., 2014; Palmer et al., 2016; Razo et al., 2004). The chemical
speciation and mobility of As determined its toxicity (Bowell et al., 2014) and its
bioavailability which is higher in aqueous phase and easily gets into the digestive
system of humans. Inorganic As species are generally more toxic than the organic form
(Hughes, 2002). Commonly found in surface water and oxidizing environment is the
inorganic As, while the organic form is predominant in the sediment under reducing
conditions (Bowell et al., 2014). Previous findings have established the presence of
inorganic As in Malaysian ex-mining ponds (Yusof et al., 2001), hence the quantitative

estimation of the risks of exposure to As is of much relevance.

To quantitatively study the risk of exposures to toxic metals in the Klang Valley,
HCA was applied to the ex-mining ponds and lakes based on As, Cd and Pb
concentrations as shown in Figure 4.9. Two clusters are observed based on the metal
levels. Cluster 1 is dominated by lakes and ex-mining ponds with low metal levels;
Cluster 2 is dominated with ex-mining ponds of higher metal concentrations due to
mining mostly from Puchong area. This classification is made to cater for the much
anthropogenic input into the water in Klang Valley. In Melaka, only As concentrations
is detected in all the sites studied while Cd and Pb are not detected as shown in Table
4.13, hence are assigned values of half the detection limit (L/2), where L is the limit of
detection (Beyer et al., 2016; Finkelstein & Verma, 2001; Hornung & Reed, 1990;
Larter et al., 2016). The ex-mining pond in Negeri Sembilan (TR) included in this study
for comparison has the least As concentration compared to Melaka lakes and ex-mining
ponds. Pb and Cd were also not detected, hence not further considered in the risk

assessment.
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The distribution of the selected metals in the ex-mining ponds of Klang Valley and
Melaka are clearly illustrated in a 3D scatter plot (Figure 4.10a). Most ex-mining ponds
with high Cd and As are separated from other low metal loadings at the intersection of
the three axis. The PCA bi-plot reveals high Cd and As loading in PC1 which
contributed about 56% of the total variation and PC2 is loaded with Pb (Figure 4.10b).
The selected metals are clearly relevant and have been taken into consideration in the
risks of exposures to both adults and children (Saha et al., 2017; Tripathee et al., 2016;
Wang et al., 2005).
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Figure 4.9: Hierarchical cluster analysis on As, Cd and Pb concentrations in ex-
mining ponds and lakes in Klang Valley
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Table 4.13: The distributions of selected heavy metals in the study areas

Normal distribution values for the selected heavy metals in Klang valley*

Parameter Cluster 1 Cluster 2
As N (7.72, 4.19) N (58.85, 33.90)
Cd N (0.19, 0.10) N (7.13, 3.50)
Pb N (0.45, 0.24) N (8.58, 3.01)

The distribution of selected heavy metals in Melaka

Parameter Ex-mining Ponds Lakes
As N (5.97, 2.50) In N (0.94, 1.05)
Cd U (0.04, 0.09) U (0.04, 0.09)
Pb U (0.04, 0.09) U (0.04, 0.09)

The concentrations are presented in pg/L

The values that follow normal distribution are written as N (L, ox) signifying mean of
metal concentrations and standard deviation. In N (px, ox) stands for log-normal
distribution with py, and oy as arithmetic mean and arithmetic standard deviation, U (a,

b) refers to uniform distribution with minimum and maximum value.

43.1 Non-Carcinogenic Risk Assessment

Hazard quotient (HQ) is generally used to characterize non-carcinogenic risk. It is
pertinent to consider the metal intake and dose of the exposure that could lead to
deleterious health effects. The hazard quotient is defined as the chronic daily intake
divided by the reference dose. For the estimation of daily exposure and non-
carcinogenic hazards of a single chemical substance, average daily exposure (Expix,/px)
and hazard quotient (HQ) were used (USEPA, 1989). This is denoted by the equation

below;
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_ Exprypy
HQ RfDIx/Dx (41)

where Expix is the daily exposure or dose through ingestion of water (ug/kg/d), EXppx is
the exposure or dose through dermal absorption (ug/kg/d), RfDyy/py are the reference
dose values of the x™ metal (ug/kg/d) that indicate the maximum acceptable oral and
dermal exposures. The RfD values of As, Cd and Pb for the ingestion and dermal routes
are 0.3, 0.5 and 1.4 pg/kg/d; and 0.123, 0.025, and 0.42 pg/kg/d respectively (USEPA,
2006; WHO, 2006b; Wu et al., 2009). For a value of HQ less than 1, there is low risk
and acceptable level of non-carcinogenic toxic effects. There could be a health concern
associated with the exposure at HQ value greater than 1 (USEPA, 2011; Zhuang et al.,

2014).

In view of the nature of ex-mining water in containing different heavy metal
compositions, the evaluation of cumulative health risks became necessary. This is
achieved by summing the individual HQ of each metal to give HI (Li et al., 2014) as

shown in equation 4.2 below;

HI= Z HQ, 4.2)

where HI is the hazard index (no unit), and HQ is the hazard quotient. For HI values
greater than 1, it indicates that the exposed individuals may face adverse health effects.
If the HI value is less than 1, then it is improbable to have harmful effects (Muhammad

et al., 2011; Wongsasuluk et al., 2014).

Ingestion of water is the most common exposure route to hazardous metals and
chemical substances, but dermal route is also considered in this study, because most

Malaysian ex-mining ponds are used for recreational activities (Ghani et al., 2008;
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Takaijudin et al., 2012b). These two routes are the usual paths to toxic heavy metals
exposure in the environment (Kavcar et al., 2009; Ordéfiez et al., 2011; Qu et al., 2012;
Yi et al., 2011). The evaluations of the daily exposure by ingestion of the x™ metal can
be accomplished using equation 4.3 below (Igbal et al., 2013; USEPA, 1989);

C*IR*EF*ED
BW*AT

Exp, = 4.3)

where Expix is the daily exposure or dose through ingestion of water (ug/kg/d), Cy is the
concentration of the x™ metal in ex-mining ponds or lake (ug/L), IR is the average daily
ingestion rate of the individual (L/day), EF is the exposure frequency (Days/year), ED is
the exposure duration of the individual (Year), BW is the body weight of the individual

(Kg), and AT is the period of time in which the dose is averaged (Days).

Monte Carlo simulation was applied to the experimental results to obtain Cy. The
BW of the Malaysian adult and child were obtained from a survey on adult body mass
index of Malaysians (Azmi et al.,, 2009) and a study on the nutritional status of
Malaysian children (Zaini et al., 2005) respectively. Details of the parameter values and
their sources are presented in Table 4.14. In Monte Carlo simulation technique, the
aforementioned independent exposure variables were considered as input variables for
estimating the probability of the daily exposure doses using equation 4.3. The
simulation was performed with 45 thousand iterations using SimulAr in Microsoft Excel
2013. The results of the exposures were treated separately for adult and child, and
expressed at 95" and 99" percentile of the simulated distributions which are considered
to be of reasonable maximum exposures (RME), because average concentrations and
average exposure to ingestions could not give cumulative health risks of toxic metals

exposure in water (Kavcar et al., 2009; Sany et al., 2014).
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Table 4.14: Parameters for the risk assessment and evaluation

Parameters Adult Child Source
C (ug/L) Please refer to Table 4.13 This study
ED (Years) 30 7 This study
EF (Days/Year) 365 365 This study
IR (L/day) 1.69 1.2 (MDG, 2013; Mohamad, 2016)
BW (Kg) N (62.65,18.6) N (32.57,8.7) (Azmi et al., 2009; Zaini et al.,
2005)
ET (hr/d) 0.6 0.6 (Igbal & Shah, 2013)
SA (cm“/day) 5700 2800 (Sany et al., 2014)
AT* (Days) 27265 27265 (DOS, 2016)
AT** (Days) 10950 2555 (Bonn et al., 2011; USEPA, 2005)
CF (L/cm®) 0.001 0.001 (USEPA, 1989)

AT* = Average time for carcinogenic risk
AT** = Average time for non-carcinogenic risk
N (Mx, ox) denotes a normal distribution with an arithmetic mean of i and arithmetic

standard deviation of oy

Individual exposure through the dermal route was evaluated using equation 4.4 by
considering the dermal permeability constant values for the selected toxic metals
(USEPA, 1997). The dermal permeability constant represents the strength or
effectiveness of the penetration of chemical substances through the human skin (Potts &
Guy, 1992).

C*SA*K,*ET*EF*ED*CF
BW*AT

Exp,, = 4.4)

In the equation, Exppx is the exposure or dose through dermal absorption (ug/kg/d), SA
is the exposed skin surface area of the individual available for contact (cm?/day), ET is
the exposure time for contact with water (hr/day), CF is the unit conversion factor

(L/cm®), Kp is the dermal permeability constant.
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The details of the reference values used for the ingestion and dermal exposures are

shown in Table 4.15 below.

Table 4.15: Reference dose, slope factor and dermal permeability constant values for
the selected metals (USEPA, 1997,; Wang et al., 2015; Wu et al., 2009)

Parameter RfD\x RfDpx SFix SFpx Kp
(Mg/kg/d)  (g/kg/d)  (ug/kg/d)™  (uglkg/d)™
As 0.3 0.123 0.0015 0.0015 0.001
Cd 0.5 0.005 0.00038 0.00038 0.001
Pb 1.4 0.420 0.0000085 - 0.0001

It is observed that HI values for sites in Klang Valley for both clusters 1 and 2
exceed the reference limit of 1 with the highest HQx contribution from As, while the
HQ)x for Pb and Cd are far below 1 (Table 4.16). Therefore, among the selected metals,
As may pose a health hazard and considered to have a potential non-carcinogenic risk to
both adults and children. This implies that consumption of water from the lakes by the
average adult could result in deleterious health effects (Figure 4.11) due to As especially
in cluster 2 which is dominated by ex-mining ponds having extreme HQ)y values of
11.02 and 12.90 for the 95™ and 99™ percentile respectively. For children, they receive
the highest As exposure due to ingestion of water from the sites in cluster 1 and 2
(Figure 4.13), with the highest HQx value of 14.96 and 15.61 at 95™ and 99" percentile
respectively in cluster 2. These values are more than 50 times the As RfD (Table 4.17).
This suggests that water consumption from the studied sites could result in deleterious
health effect due to exposure to As in both adults and children. More attention has been
given to children, for the fact that children are more exposed to dangers of heavy metals
than adults (Zhuang et al., 2014). Previous findings showed to a greater extent the
exposure of children to toxic heavy metals than adults, which consequently affects their

brain and nervous systems (Saleh et al., 2017; Tripathi et al., 1999).
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The source of high As content in the water may be attributed to the ex-mining
activities as previously demonstrated in the principal component analysis (Figure 4.2),
and previous related findings in ex-mining water (Low et al., 2016; Razo et al., 2004;
Rojas & Vandecasteele, 2007; Yusof et al., 2001). Other sources of As in the lakes
beside natural background, especially in Shah Alam include industrialization. As was
found to be discharged from agrochemical and metal coating industries, among others

(Balamurugan, 1991; Hamzah et al., 2011).

Figure 4.12 shows that exposure due to dermal contacts seems to possess no health
threat with HQpx less than 1 as shown in (Table 4.16 and Table 4.17). HQpx for all the
selected metals in the study areas were found to be less than 1, hence dermal contacts in
both adult and child categories might not cause any health effects. The values for the
ingestion and dermal exposures for all the sites were found in order of As>Pb>Cd

except for the dermal exposure in cluster 2 with order As>Cd>Pb.

The exposure assessment to ex-mining ponds and lake water in Melaka are also
described in Table 4.16 and 4.17. There is low adult exposure to As, Cd and Pb for both
the ingestion and dermal contact (Figure 4.15), the Hly and Hlpx at 95" and 99"
percentile were found to be below 1 respectively. These values are less than 1 indicating
the absence of any detrimental effect and non-carcinogenic health risk to users by
ingestion and dermal contacts. However, children are vulnerable to exposure effects of
As by ingestion in both ex-mining ponds and lakes (Figure 4.16). The HI of 1.19 and
1.29 for both ex-mining ponds and lakes at 95" and 99" percentile are observed. This
indicates there could be health threat from As ingestion with HQ\x of 1.1 and 1.2 for
both ex-mining ponds and lakes. This may pose adverse health hazards and potential

non-carcinogenic effect to children. The HQx of Cd and Pb are found to be significantly
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below 1, indicating very improbable health threat. The dermal exposure by child

appears to pose no possible health threat in both ex-mining ponds and lakes.

Among the selected heavy metals in this study, As has the lowest ingestion RfD of
0.3 pg/kg/d (Table 4.15), and its concentrations in lake TTB is 10.48 pg/L which is
slightly higher than INWQS value of 10 pg/L. Similarly, ex-mining pond TBC1 has As
concentration of 9.28 pg/L slightly below INWQS which could be hazardous
considering the RME. This explains why there is a risk associated to children in Melaka

in which the WQI gives a good water quality rating based on the metal levels.

Due to numerous factors, children have a greater tendency or potential for
detrimental health effects than adults even below the metal permissible limits (CDCP,
2017; Guruge et al., 2017), and may not be able to clear themselves of exposure due to
undeveloped body mechanism for detoxification. Child’s activities, age, and behavior
and biology results in exposure differences from adults living in the same environment
(Selevan et al., 2000). For instance, the ratio of skin surface area to body mass of child
is 2.7 times greater than adult (Snodgrass, 1992), and water consumption is more than 2
times higher than adult per body weight (USEPA, 1997). Similarly, Zaldivar (1977)
reported that young children received a higher daily dose of As per unit body weight
than adult under the same arsenic water concentration because of their higher intake per

unit body weight.
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Table 4.16: Non-carcinogenic Risk Assessment on Adult Exposure by Ingestion/Skin Contact with Water from Ex-mining ponds and lakes

Klang Valley (Cluster 1)

Klang Valley (Cluster 2)

(ug/kg/d) HQux (ug/kg/d) HQox (ug/kg/d) FQu (ug/kg/d) HQox
Percentile Percentile Percentile Percentile Percentile Percentile Percentile Percentile
95th 99th 95th ggth 951h 991h 95th 991h 951h ggth 95th 991h 95th ggth 95th ggth
As 3.8x10T 3.9x107 1.2x10° 1.3x10° 7.6x10* 8.10x10* 6.3x10°6.5x10° 3.0x10' 3.1x10" 10.1x10° 10.5x10° 6.1x10° 6.3x10°  4.9x107°5.1x10°
Cd 9.4x10° 9.7x10° 1.8x1021.9x10% 1.9x10-> 1.96x10° 7.6x10™* 7.8x10* 3.4x10'3.5x10? 6.7x10" 7.0x10%  6.8x10* 7.1x10*  2.7x1022.8x10%
Pb  2.2x102 2.3x102 2.1x102%7.5x102 4.4x10° 4.60x10° 1.0x10°1.1x10* 3.5x10%3.7x10" 2.5x10" 1.7x10° 2.8x10* 2.9x10°  6.0x10™* 7.0x10™
HI 123 1.39 0.0071 0.0073 11.02  12.90 0.07 0.08
Melaka Ex-mining Ponds Melaka Lakes
EXpix EXppx EXpix EXpox
(ug/kg/d) HQu (ug/kg/d) HQox (ug/kg/d) HQu (ug/kg/d) HQox
Percentile Percentile Percentile Percentile Percentile Percentile Percentile Percentile
95'[h ggth 95th ggth 95th 99th 95Ih 99th 95th 99th 951h 991h 95th ggth 95’[h ggth
As 2.4x10125x107  8.0x107 8.2x107  4.8x10* 5.0x10% 3.9x10° 4.0x10° 2.6x1072.7x10T 8.6x107 9.2x10T 5.2x10* 5.6x10*  4.2x10° 5.7x10°
Cd 2.5x1022.6x10° 5.1x10° 5.3x10% 5.1x10° 54x10° 2.0x10°2.1x10° 2.5%x10%2.6x10% 5.1x1075.3x10° 5.1x10° 5.4x10°  2.0x10° 2.1x10°
Pb 2.5x1022.6x10% 1.8x102% 1.9x10% 2.0x10* 2.1x10* 4.9x10%5.1x10* 2.5x1022.6x102 1.8x1021.9x10% 5.1x10° 5.4x10°  1.2x10° 1.3x10°
HI 0.869  0.892 0.0064 0.0066 0.929 0.992 0.0062 0.0078




Table 4.17: Non-carcinogenic Risk Assessment on Child Exposure by Ingestion/Skin Contact with Water from Ex-mining Ponds and lakes

Klang Valley (Cluster 1)

Klang Valley (Cluster 2)

(ug/kg/d) HQux (ug/kg/d) HQox (ug/kg/d) HQu (ug/kg/d) HQox
Percentile Percentile Percentile Percentile Percentile Percentile Percentile Percentile
95" ogth 95" 9o 95" og™ 95" gg™ 95" ogg™ g5 gg™ 95 o9 95 o9
As 5.2x10154x10T  1.7x10° 1.8x10°  7.3x107* 7.6x10™ 5.9x10°6.1x10°  4.1x10° 4.3x10° 13.7x10°14.3x10° 5.7x10° 6.0x10° 4.6x107 4.8x107
Cd 1.2x1021.3x102 2.5x10° 2.6x102 1.8x10°1.9x10° 7.2x10% 7.4x10"*  4.6x1014.8x107 9.2x107" 9.6x10%  6.4x10* 6.7x10* 2.5x10? 2.7x10%
Pb 3.0x102 3.1x102 2.1x1027.5x102? 1.6x10°1.7x10° 4.0x10° 4.2x10°  4.8x10%5.0x10%  3.4x10! 3.5x10% 2.7x10* 2.8x10* 6.5x10*6.7x10*
HI 1.75 1.90 0.0067 0.0069 1496 15.61 0.072 0.076
Melaka Ex-mining Ponds Melaka Lakes
EXPix EXPox EXpix EXpox
(ng/kg/d) M (ng/kg/d) Qo (ng/kg/d) HQw (Hg/kg/d) i
Percentile Percentile Percentile Percentile Percentile Percentile Percentile Percentile
95th ggth 95th 99th 95th 99th 95th 99th 95th 991h 951h 991h 95th ggth 95’[h 99'[h
As 3.2x107 3.3x10%  1.1x10°1.2x10° 45x10* 4.7x10% 3.7x10° 3.8x10° 3.5x10'3.8x10* 1.1x10° 1.2x10° 4.9x10%5.3x10* 4.0x107°4.3x10°
Cd 3.5x102 3.6x10%  7.0x10°7.2x10%  4.9x10° 5.1x10° 1.0x10™2.0x10* 3.5x10 3.6x107 7.0x102% 7.2x10% 4.9x10°5.1x10° 1.9x107°2.0x10°
Pb 3.5x10? 3.6x10% 2.5x1022.6x10° 4.9x10° 5.1x10° 1.1x10°1.2x10° 3.5x10° 3.6x10% 2.5x107 2.6x10% 4.9x10°5.1x10° 1.1x10°1.2x10°
HI 119 1.29 0.0038 0.0040 119 1.29 0.0059 0.0063
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Figure 4.12: Non-carcinogenic risk exposure of adult by dermal contact with water

from ex-mining ponds and lakes in Klang Valley
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432 Carcinogenic Risk Assessment

Carcinogenic risk assessment estimates the incremental probability of a person to
develop cancer over a lifetime due to exposure to a potential carcinogenic substance
(USEPA, 1989). In the evaluation of carcinogenic risk, the slope factor (SF) converts
the estimated daily intake of the toxic substances for a lifetime exposure directly to the
increasing risk of a person to develop cancer. The evaluation of carcinogenic risk is

computed using equation 4.5;
CR=Exp p, % SF (4.5)

where CRy is the tendency of a person to develop cancer over a lifetime upon exposure
to the x™ metal (No unit), Expix/px is the daily exposure by ingestion and dermal routes
(ug/kg/d), and SF is the slope factor for the carcinogenic substance (pg/kg/d). The
exposure duration is considered as the exposure frequency (EF) in 365 days/year for ED
of 30 years and 7 years for adult and child respectively, Average time (AT) of 27265
days is the Malaysian lifetime expectancy (DOS, 2016). Substituting the above
parameters in equation 4.5 gives the exposure risk probabilities at 95" and 99"
percentile. An acceptable carcinogenic risk value of 10™ to 10 implies a safe level of
developing cancer, while a risk value greater than 10™ is considered unacceptable and

could cause cancer upon long time exposure (Wongsasuluk et al., 2014).

The results of the cancer risk assessment due to ingestion for adult exposed to the
sites in cluster 2 Klang Valley (Figure 4.17) revealed that only As records carcinogenic
risk of 1.82x107 and 1.89x107 for 95™ and 99™ percentile respectively. These values
exceed the safe limits for cancer risk implying a probability of having 2 people

developing cancer out of 1000 people. As carcinogenic risk in cluster 1, Cd and Pb in
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both clusters were found to be within the acceptable limit as shown in Table 4.18. The
total carcinogenic risk in Klang Valley varies generally in the order As > Cd > Pb.
Dermal contact was found to pose no threat of cancer in both clusters as shown in
Figure 4.18 and Figure 4.20, the Pb slope factor is not available and therefore its dermal
cancer risk was not evaluated. The carcinogenic risks of ingestion of the selected metals
by children in cluster 1 and 2 are within the safe limit, and not appear to pose any
cancer health effect (Figure 4.19). The total cancer risk of children in Klang Valley is
within the acceptable limit, while adults may be of total cancer threat due to exposure to
ex-mining ponds and lakes in cluster 2. Comparably, Tables 4.18 and 4.19 shows that
As, Cd and Pb carcinogenic risks for the ingestion and dermal contact for Melaka lakes
and ex-mining ponds are also found to be within acceptable limits in both adults and
children (Figure 4.21 and Figure 4.22). The total cancer threat is also within safe limit

for both adult and children.

Shorter exposure duration of children is much related to the low carcinogenic risk
compared to adults (Li et al., 2014). Additionally, in a study on the sensitivity of
children versus older ages in exposed population, adults received more cumulative
cancer risk of arsenic in water over their life time period (Tsuji et al., 2004). In a similar
study, high cancer risk for adult compared to child due to exposure to surface as well as
ground water was reported in Bangshi River using both probabilistic and deterministic

estimations (Saha et al., 2017).

Nonetheless, there could be some existing uncertainties in the risk characterization as
emphasized in the USEPA and other relevant documents in the formulation of RfD and
cancer SF which might not be specific to Malaysians (USEPA, 2004; Wu et al., 2009).
This finding therefore presents a preliminary result, and more accurate analysis should

be carried out for RfD and cancer SF which are specific for Malaysians.
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Table 4.18: Carcinogenic risk assessment on Adult exposure to ingestion/skin contact with water from ex-mining ponds and lakes

Klang Valley (Cluster 1) Klang Valley (Cluster 2)

Percentile CRix CRpx Total CR Percentile CRx CRpx Total CR
As 95™ 231x10% 4.67x107 2.31x10™ 95" 1.82x10° 3.68x10° 1.82x10°
99" 2.40%10*  4.86x10” 2.40x10™ 99" 1.89x10° 3.84x10° 1.89x10°
Cd 95" 1.44%x10°  2.91x10° 1.44x10® 95" 5.16x10° 1.04x10”" 5.17x10°
99" 1.48x10°  2.91x10° 1.48x10°® og™ 5.38x107 1.08x10”’ 5.39x10°

Pb 95" 755x% 108 NA NA 95" 1.21x10°® NA NA

99" 7.91%x10°8 NA NA og™ 1.25x10°® NA NA

Melaka Ex-mining Ponds Melaka Lakes

Percentile CRix CRpx Total CR  Percentile CRx CRpx Total CR
As 95™ 1.44x10*  2.92x10” 1.44x10™ 95" 1.56x10™ 3.15x10” 1.56x10™
99" 1.49x10*  3.02x10” 1.49x10™ og™ 1.67x10™ 3.38x10” 1.67x10*
Cd 95" 3.91x10°  7.91x10°  3.91x10° 95" 3.91x10° 7.91x10° 3.91x10°
99" 4.07x10°  8.24x10°  4.07x10° 99" 4.07x10° 8.24x107 4.07x10°

Pb 95" 8.74x10® NA NA 95" 8.74x10® NA NA

99" 9.11x107 NA NA 99" 9.11x10° NA NA

NA =Not Available
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Table 4.19: Carcinogenic risk assessment on Child exposure to ingestion/skin contact with water from ex-mining ponds and lakes

Klang Valley (Cluster 1) Klang Valley (Cluster 2)
Parameter Percentile CRx CRpx Total CR Percentile CRx CRpx Total CR
As 95" 7.36x107 1.03x107 7.37x10° 95" 5.80x10™ 8.11x10"  5.80x10™
99" 7.65x10° 1.07x10”’ 7.66x10° 99" 6.04x10™ 8.46x107  6.04x10™
Cd 95" 4.59x10” 6.42x10™° 4.59x10”" 95™ 1.64x10° 2.29x10®  1.71x10°
99" 4.72x107 6.61x10™"° 4.72x107 99" 1.71x10° 2.39x10%  1.71x10°
Pb 95" 2.40%x10° NA 2.40x10° 95" 3.88x10” NA 3.88x10”
99" 2.52x10° NA 2.52x10° og™ 4.01x107 NA 4.01x107
Melaka Ex-mining Ponds Melaka Lakes

Parameter Percentile CRix CRpx Total CR Percentile CRx CRpx Total CR
As 95" 4.61x10" 6.45x10° 4.61x10" 95™ 4.97x10” 6.96x10°  4.97x10°
99" 4.76x10° 6.67x10°® 4.76x10° o9™ 5.33x10° 7.46x10%  5.33x10°
Cd 95" 1.24x10° 1.74x107° 1.24x10° 95" 1.24x10° 1.74x107° 1.24x10°
99" 1.29x10°® 1.81x107° 1.29x10°® 99" 1.29x10°® 1.81x10° 1.29%x10°®

Pb 95" 1.24x10°® NA NA 95" 2.78x10° NA NA

99" 1.29x10°® NA NA 99" 2.90x10°® NA NA

NA = Not Available
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4.4 Water Quality Index

WQI gives a rating of water quality for specific use with respect to the selected
relevant parameters. Such index is designed to solve water classification problems
considering environmental influences. The chemometric analysis and health risk
assessment carried out in this study were aimed at developing a suitable WQI for the
accurate assessment of ex-mining ponds and lakes for human consumption. In the
development of WQI of ex-mining ponds, toxic pollutants related to mining, and other
environmental/anthropogenic pollutants are taken into consideration. Two separate
WQI’s are developed based on the selected heavy metal pollutants and physical-
chemical parameters. The following steps are adopted in the development of the WQI;
parameter selection based on comparing results of the extensive literature survey with
the experimental values, development of the weightage based on the INWQS values,
sub index calculation, and finally aggregating the weightage and sub index to give the
overall WQI. The final decision on utilization of the water is taken based on the results

of the indexes obtained.

4.4.1 Parameter Selection

For the water intended for human consumption, priority is given to parameters of
health concern (WHO, 2006a). The incessant complaints among Malaysian citizens,
researchers, and government officials were centered only on the levels of heavy metals
in the ex-mining water (Bernama, 2014a, 2014b; Charles, 2014; Eileen, 2014; Heng &
Kannan, 2014; Izham, 2014; Khairi, 2014; Nation, 2014). In this regard, toxic metals
associated with mining are the main focus on the final decision, because conventional
water treatment processes consider and regulate other physical-chemical parameters
through a sequential process of rapid mixing, flocculation, sedimentation, filtration, and
disinfection (Asami et al., 2016; Ayekoe et al., 2017; Westerhoff et al., 2005).

Similarly, pH, BOD, and DO are considered easily purified parameters and skillfully
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handled in the water treatment plants (Hou et al., 2016). However, toxic metals are not
removed during conventional water treatment processes, but using expensive techniques
such as forward osmosis, floatation, enhanced ultra-filtration and use of cellulose
modified filters (d'Halluin et al., 2017; Deliyanni et al., 2017; Huang et al., 2017; Low

etal., 2016; You et al., 2017).

The parameters selected in the development of the WQI of ex-mining ponds were
also mostly highlighted in previous studies related to the pollutants in mining areas
across the world including Malaysia (Ashraf et al., 2011b; Low et al., 2016; Navarro et
al., 2008; Ngure et al., 2014; Ogola et al., 2002). Therefore, past literatures form the
justification of this study. The experimental results of this study confirm the presence of
these pollutants, especially the toxic heavy metals which are of much priority.
Furthermore, PCA and LDA of the water samples from ex-mining ponds and lakes
justify the parameter selection. Similarly, the carcinogenic and non-carcinogenic risk
evaluations in this study supported the preference of the selected heavy metals. PCA
was also employed in the parameter selection processes for the development of WQI in
lakes and rivers in different countries (Gao et al., 2016; Hou et al., 2016; Yidana &

Yidana, 2010).

The parameters selected for the development of WQI based on metals are As, Cd,
and Pb, while physical-chemical parameter WQI include pH, DO, BOD, and AN. These
selected parameters will reflect the general water quality for the intended use, thereby
reducing the subjectivity in the parameter selection process, mostly done by experts in
the development of the pioneer and popular existing indices (Abbasi & Abbasi, 2012;
Cude, 2001). Similarly, it was reported that some participants did not respond and

choose among the set of the proposed parameters for the Marine WQI development
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(MERC, 2012). Principal component analysis was therefore employed to reduce the

subjectivity in the parameter selection processes.

442 Weightage Assignment (\Wi)

Assigning weightage to the selected parameters is an important stage in developing
WQI as it entails assigning a significance or priority in the form of a numerical value to
the individual parameters in accordance with the contribution to the overall water
quality (Gupta et al., 2003; Lumb et al., 2011; Prasad et al., 2014). The standard
permissible values of the parameters in Malaysian water quality standard INWQS were
used to assign the weightages that added up to 1. Table 4.20 and Table 4.21 show the
selected parameters and the allocated weightages respectively for metals and physical-

chemical parameters. The weightage equation is given by equation 4.6;

W = (4.6)

» |~

where W is the weightage, K is proportionality constant, and S is the parameter
standard permissible value (Bhutiani et al., 2016; Jha et al., 2015). Equation 4.6 can be

rewritten as follows;

K= (4.7)

Substituting the values in equation 4.7 gives K value for the metals and physical-

chemical parameters respectively in equations 4.8 and 4.9;

K= 0.002205 (4.8)

K= 0.250984 (4.9)
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Table 4.20: Weighting factor of the selected heavy metals parameters

Parameter Standard Values Relative Weight Assigned
(INWQS, MOH) Weighting Factor
As 0.01 100 0.22
Cd 0.003 333 0.74
Pb 0.05 20 0.04
Total 453 1

Table 4.21: Weighting factor of the selected physical-chemical parameters

Parameter Standard Values Relative Weight Assigned
(INWQS, MOH) Weighting Factor
pH 8.5 0.117 0.03
AN 0.3 3.33 0.84
DO 5 0.2 0.05
BOD 3 0.33 0.08
Total 3.98 1

From Table 4.20, it can be inferred that toxic heavy metals associated with mining have
a relative weight of 453 which is by far greater than 3.98 for the physical-chemical
parameters as shown in Table 4.21. The assigned weightages factors of the metal
pollutants are 0.74, 0.22, and 0.04 for Cd, As, and Pb respectively. This agrees with
levels of the selected metal pollutants in this study (Figure 4.1), and their maximum
permissible limits in drinking water. Besides the very high levels of Cd in four of the

ex-mining ponds (TPPA, TPPB, TPRP, and TT) and lake TPJ, Cd has the least
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maximum permissible limit in drinking water of 3 pg/L (MOH, 2004). AN has the
highest weightage of 0.83 in the physical-chemical parameter index, this agrees with the
levels of domestic sewage discharge into the ex-mining ponds and lakes. AN is toxic to
humans, animals, and plants and therefore not desirable in drinking water (Dahlberg et
al., 2016; Willingham et al., 2016). This suggests the suitability of the indices in
assessing the quality of water from ex-mining ponds that is predominantly loaded with
toxic heavy metals (Ashraf et al., 2011b; Atanackovi¢ et al., 2013; Ning et al., 2011).
The chemometric study also reveals that larger variation in ex-mining ponds is
associated with the toxic heavy metals. Similarly, As, Pb, and Fe were reported as the
most significant parameters in PC1 due to mining (Bhuiyan et al., 2010). As reported in
this study, water samples analyzed from the ex-mining ponds have very low total
suspended solid and are not turbid, but with high concentration of dissolved organic
matter resulting in a clean and clear physical appearance. This justifies the low relative

weight associated with the physical-chemical parameters.

443 Sub Index/Quality Rating (Qi)

Sub-indices transform different units of the water quality parameters into a common
scale (Saeedi et al.,, 2010). The quality rating of each selected parameter can be
achieved either by using mathematical equations or rating curves formulated by opinion
of the selected water quality experts. Several researchers pointed the highly subjective
nature of the rating curves (Abbasi & Abbasi, 2012; MERC, 2012; Nasirian, 2007).
Similarly, Boyacioglu (2007) reported the use of sub-index rating based on the personal
opinion of 14 water quality experts in the formulation of the universal water quality
index. However, quality rating using observed experimental values (Primary data) was
applied to obtain the sub-indices in this study. It is the ratio of the parameter
concentration in the water sample to the standard permissible value as given in equation

4.10 and 4.11 below (Vasanthavigar et al., 2010; Wanda et al., 2016; Yidana & Yidana,
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2010). This is more acceptable considering that water from the ex-mining ponds is

proposed for human consumption.

Ci
Q= rake 100 (4.10)
Ci-V;
QpH, Do = W x 100 (411)

In equation 4.10 and 4.11, C; is the parameter concentration in mg/L, S; is the standard
parameter value in INWQS, V; is the ideal value which is considered as 7.0 for pH, and
14.6 for DO. The sub-index is further computed using equation 4.12 (Lumb et al., 2011;

Vasanthavigar et al., 2010);

SIi = Wi X Qi (412)

The sub-indices of the selected parameters in ex-mining ponds and lakes are shown in

Tables 4.23 to 4.26.

4.4.4 Development of Water Quality Index
The WQI is computed by summing up the sub-indices of the individual parameters to

obtain the overall index as shown in equation 4.13;

WQI= ¥ 8L (4.13)

where Sl is the sub-index of the individual parameter. The WQI of the ex-mining ponds
and lakes with respect to heavy metals (WQIuwm) is calculated using equation 4.14

below;

WQIlum = 0.74*SICd + 0.22*SIAs + 0.04*SIPb (4.14)
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where SIAs is the sub index for As, SICd is sub index for Cd, and SIPb is sub index for

Pb.

The WQI for the physical-chemical parameters (WQIpc) is calculated using equation

4.15 below;

WQIpc = 0.03*SIpH + 0.84*SIAN + 0.08*SIBOD + 0.05*SIDO (4.15)

where SIpH is sub index for pH, SIAN is sub index for AN, SIBOD is sub index for

BOD, SIDO is sub index for DO.

The WQI are classified into five categories as shown in Table 4.22. The
classification is based on decreasing scale in which the water quality increases with
decreasing WQI (Yidana & Yidana, 2010). The results of the classification reveal a
significant difference in the WQIym values among the sites studied in Klang valley (p <
0.05). The ex-mining ponds (TPPA, TPPB, TPRP and TT) and lake TPJ are very
polluted and are rated poor with WQIum of 302 — 557 and 315 respectively (Table 4.23).
The water is classified as not suitable for human consumption due to high metal
loadings. Nevertheless, all other ex-mining ponds and lakes in Klang Valley, having
metal pollutants below INWQS limits are rated excellent with WQIy\ of 1.4 — 33 as
displayed in Figure 4.23. Table 4.24 shows physical-chemical parameter rating for all
the ex-mining ponds and lakes as Good to Excellent except TKJIB, TTJA, and TS7 with
WQIpc values of 120, 118, and 163 respectively. These are sites with high organic
matter pollution from residences and other anthropogenic inputs. The dissimilarity in
WQIpc among the studied sites also confirms differences in the pollution sources and
influence of external or anthropogenic input. Therefore, WQIpc helps to maintain a good
water quality of lakes and ex-mining ponds. Conversely, no significant difference in the

WQI values of ex-mining ponds and lakes in Melaka. Tables 4.25 and 4.26 show
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WQIum and WQIpc as excellent from 4.0 — 25 and 15 — 89 respectively, this rating
qualifies the water for human consumption after proper conventional water treatment

processes (Figure 4.25 and Figure 4.26).

The heavy metal pollutants in the ex-mining ponds originated from the previous
mining operation (Hogarh et al., 2016; Thienpont et al., 2016), and the influence of
anthropogenic pollutants was also considered one of the major threat to water quality in
lakes (Liou et al., 2004; Poerschmann et al., 2017). In a similar study, WQI was applied
in the assessment of overall water quality for dinking purposes in which Cd, Cu, Pb, and
Zn were found to be within the acceptable limit and safe for human consumption
(Mohan et al., 1996). However, a seasonal pollution of water with high levels of Cd, Ni,
and Pb was reported in river Soan Pakistan (Nazeer et al., 2014). The WQIum was found

to be relatively acceptable for drinking purposes during pre-monsoon season only.

It was observed that As, and Cd are the major metal contaminants in the ex-mining
ponds and lakes classified as very polluted, nonetheless, the studied sites with very low
metal concentrations are classified excellent. WQIuy is therefore a priority in
consideration of the water for human consumption. If the WQIuy, fails, the water cannot
be used for drinking until it undergoes sufficient metal removal processes. However, the

water can be considered for drinking after necessary treatment processes.

Table 4.22: Water Quality classification (Sahu & Sikdar, 2008; Yidana & Yidana,

2010).
Range Water Quality Rating
<50 Excellent water
50 -100 Good water
100 — 200 Poor water
200 - 300 Very poor water
> 300 Water unsuitable for drinking purposes

Note: All the water class can be used for recreational activities
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Table 4.23: Sub-indices of the selected heavy metals and WQIum of ex-mining ponds and lakes in Klang valley

Station As Cd Pb WQIlum Status
TPPA 24.9278 316.05 0.396 341.3738 Very Polluted
TPPB 255.78 299.635 0.3168 555.7318 Very Polluted
TPRP 92.61 298.655 0.3256 391.5906 Very Polluted
TSP 1.47735 27.93 1.188 30.59535 Excellent
TT 4.69665 297.675 0.30888 302.6805 Very Polluted
TKJA 16.5375 0.735 0.02024 17.29274 Excellent
TKJIB 14.994 2.205 0.06952 17.26852 Excellent
B 1.16865 0.245 0.0044 1.41805 Excellent
TTJA 2.49165 8.085 0.04576 10.62241 Excellent
TP 8.379 1.47 0.03168 9.88068 Excellent
TSA 7.43085 0.49 0.0044 7.92525 Excellent
TS7 31.752 1.225 0.05808 33.03508 Excellent
TPJ 16.5375 298.165 0.3872 315.0897 Very Polluted
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Table 4.24: Sub-indices of the selected physical-chemical parameters and WQIpc of ex-mining ponds and lakes in Klang Valley

Station DO BOD pH AN WOQlpc Status
TPPA 6.12318 22.13333 2.081176 69.66667 100.0044 Good
TPPB 0.381444 7.746667 3.411765 44.58667 56.12654 Good
TPRP 0.471786 7.663667 2.807882 52.94667 63.89 Good

TSP 5.21976 9.406667 1.774118 25.08 41.48054 Excellent
TT 4.125618 4.15 2.814706 13.93333 25.02366 Excellent
TKJA 0.913458 16.32333 0.317294 44.58667 62.14075 Good
TKJB 1.35513 26.83667 0.460588 91.96 120.6124 Poor
B 4.21596 6.916667 1.432941 16.72 29.28557 Excellent
TTJA 3.31254 20.75 2.695294 91.96 118.7178 Poor
TP 3.61368 9.794 2.838588 64.09333 80.3396 Good
TSA 2.81064 24.485 2.896588 5.573333 35.76556 Good
TS7 1.335054 22.68667 2.592941 136.5467 163.1613 Poor
TPJ 0.038482 581 2.9 44.58667 53.33515 Good




Table 4.25: Sub-indices of the selected heavy metals and WQIym of ex-mining ponds and lakes

in Melaka

Station As Cd Pb WQIlxm Status
TBC1 20.4624 2.45 0.0088 22.9212 Excellent
TBC2 14.08995 2.45 0.0088 16.54875 Excellent
TBC3 14.97195 2.45 0.0088 17.43075 Excellent
TR 5.7771 2.45 0.0088 8.2359 Excellent
JD 1.5876 2.45 0.0088 4.0464 Excellent
DT 2.8224 2.45 0.0088 5.2812 Excellent
TTB 23.1084 2.45 0.0088 25.5672 Excellent
TBK 10.29735 2.45 0.0088 12.75615 Excellent

Table 4.26: Sub-indices of the selected physical-chemical parameters and WQIpc of ex-

mining ponds and lakes in Melaka

Station DO BOD pH AN WOQlIpc Status
TBC1 5.14 2.49 2.470118 5.573333 15.6734 Excellent
TBC2 6.11 3.181667 2.494 19.50667 31.2923 Excellent
TBC3 4.99 3.209333 2.391647 19.50667 30.0976 Excellent

TR 9.16 5.422667 3.507294 25.08 43.1699 Excellent
JD 4.89 3.458333 2.797647 78.02667 89.1726 Excellent
DT 6.09 3.015667 2.449647 47.37333 58.9286 Excellent
TTB 4.56 5.865333 2.405294 8.36 21.1906 Excellent
TBK 3.67 4.15 2.347294 25.08 35.2472 Excellent
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Figure 4.25: Heavy metals WQIpm of ex-mining ponds and lakes in Melaka
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445 Uncertainty in WQI

Several WQI have been formulated and efforts had been made to address the
limitations observed. Recent WQI developed to assess the water quality of reservoirs in
China reported a good rating from good to very poor water quality (Hou et al., 2016).
However, uncertainty was not considered and suggestion was given to improve the
model, thereby enhancing the consistency of water quality assessments (Azarnivand,
2017). All the WQI developed has advantages and limitations, but the limitations can be
minimized by reducing the subjectivity (Lumb et al., 2011). Up till now no single WQI
has been accepted globally, but some countries have used combined water quality data
in their formulation. In this study, uncertainty was reduced to the barest minimum level
by adopting established water quality guidelines (INWQS) separately for the heavy
metals and physical-chemical parameters, and chemometric approaches. In a similar
way, the statistical approaches improve the accuracy and reliability of the index (Salim

et al., 2009).
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CHAPTER 5: CONCLUSION

Water quality index of ex-mining ponds was developed in this study using Malaysian
water quality standard as a reference in assigning weightage to the selected parameters.
This approach employs the use of primary data and extensive literature comparisons in
the parameter selection. Consideration was also given to the geology and anthropogenic
inputs into the water bodies for the general water quality assessment. The chemometric

and health risks evaluations were included to support the WQI development.

Significant variations are observed in the levels of heavy metals and physical
chemical parameters in ex-mining ponds and lakes. This is attributed to the
anthropogenic inputs especially in Klang valley where As and Cd exceeded the
reference limit in most ex-mining ponds. High levels of these toxic metals could also be
plausibly linked to previous mining activities. The levels of DO and BOD in most of the
ex-mining ponds and lakes in Klang Valley points to anthropogenic activities around the
studied sites. Melaka ex-mining ponds and lakes records low metal levels below
INWQS which can be attributed to geological influence. The indicators of organic

pollution are also within the recommended limits.

It is clearly shown in this study that PCA and FA identifies the parameters which
contribute most to the variations in ex-mining ponds and lakes, but no general trend was
observed due to differences in geological and anthropogenic influence. In the Klang
Valley, the results revealed that heavy metals especially As, Cd and Pb record the
highest variations in ex-mining ponds, while BOD and AN showed larger variations in
most of the lakes. The observed variations in Melaka ex-mining ponds are due to Mg,
Ca, EC and DO, while the lakes have Fe, Mn, pH and BOD as the major contributors to
the variation. In addition, the results of the linear discriminant analysis (LDA) clearly

distinguish ex-mining ponds and lakes in both Klang Valley and Melaka in which As,
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Mn and Ca are associated to ex-mining ponds, whereas Fe, Na and pH were the
common parameters associated to the lakes. The hierarchical cluster analysis (HCA)
could not achieve a distinct grouping of ex-mining ponds and lakes especially in Klang
Valley due to anthropogenic impact. The land use in most of the ex-mining ponds and
lakes significantly influenced the water quality, while two-way HCA for Melaka and
Negeri Sembilan confirms low metal concentrations and absence of anthropogenic

inputs. The land uses in the areas are predominantly rubber and palm oil plantation.

In the evaluation of health risk on exposure to As, Cd and Pb in water samples from
ex-mining ponds and lakes, the non-carcinogenic risk reveals the threat of As only due
to ingestion by both adult and children in the studied sites of Klang Valley, and children
only in Melaka. However, the exposure by dermal contact is within tolerable limit. It is
evident that As is the major pollutant in the ex-mining ponds which originates from the
past mining operation. Considering the RME, As carcinogenic risk of ingestion by a
Malaysian adult is very alarming in the studied sites of cluster 2 in Klang Valley. The
carcinogenic risk level well exceeded the reference limit of 1x10™. It is therefore
recommended to remove As from the ex-mining water to a tolerable level before
utilization especially for drinking purposes. There could be non-carcinogenic health
effects for child only as a result of exposure to water from ex-mining ponds and lakes in
Melaka specifically due to As having HQ > 1, but no carcinogenic threat is seen in both
adult and children. Dermal contact also might have no risk of health complication in all
the sites studied; hence, the ex-mining ponds in the Klang Valley and Melaka may be
used for recreational activities. Generally, the heavy metals of relevance in the
carcinogenic and non-carcinogenic health risk associated with the ingestion of water
from ex-mining ponds for both adult and child can be prioritized as As > Cd > Pb. This
asserts the potential hazard related to the toxic heavy metals in water from ex-mining

ponds.
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Utilization of multivariate statistical analysis minimizes assumptions due to
subjectivity, and improves the accuracy of the WQI. The heavy metal WQIlum gives
more weightage to the toxic heavy metals associated with mining operation. This
emphasis is important due to the fact heavy metals of concern are not removed in the
course of water treatment processes considering that ex-mining water were intended for
human consumption. As and Cd are the dominant and most important parameters in the
metal WQIym, hence ex-mining ponds in Puchong (TPPA, TPPB, and TPRP),
Titiwangsa (TT) and Putrajaya lake (TPJ) recorded very poor water quality and as such
cannot be utilized for drinking purposes but recreational body contact is relatively safe.
Other ex-mining ponds and lakes studied in the Klang Valley, Melaka and Negeri
Sembilan have heavy metal WQIy\ classification ranging from good to excellent,
therefore may be utilized after proper treatment processes. Based on the physical-
chemical parameter, WQIlpc, TKJIB, TTJA, and TS7 in Klang Valley are of poor water

quality, hence the need to undergo further purification before utilization.
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