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ASSESSMENT OF VARIOUS GROUNDWATER RECHARGE METHODS IN 

THE LOWER KELANTAN RIVER BASIN, MALAYSIA 

 
ABSTRACT 

Groundwater recharge is a natural process to replenish the aquifer system. Since 1930s 

the groundwater demand has risen as it has supported 70% of water supply in Lower 

Kelantan River Basin. However, a comprehensive study on groundwater recharge 

mechanism has never been reported. This study evaluated various methods to identify 

recharge flow processes using stable isotopes of deuterium (2H) and oxygen-18 (18O), 

tritium (3H), radon (222Rn) and hydrogeochemical (HC) and quantify recharge rate using 

chloride mass balance (CMB), water table fluctuation (WTF), temperature-depth profile 

(TDP) and groundwater modelling coupled with water balance GM(WB) followed by the 

construction of a conceptual model of recharge mechanism. Stable isotope indicates local 

rainfall origin from monsoon meteoric air masses that have experienced primary and 

secondary evaporation while tritium indicates rainfall of modern water age of <5 year to 

10 years. Rainfall is the main source of surface water and diffuse recharge into the 

groundwater system. The fast transmit time of rainfall runoff, that percolates and 

infiltrates through unsaturated zone into aquifer has recharged Layer 1 with modern water 

age while deep aquifer (Layer 2 and Layer 3) contains a mix of recharge water of modern 

to sub-modern water caused by long transmit time and mixing with available water in the 

aquifer. Isotopes and hydrogeochemical methods reveal that the interactions of river-

groundwater and aquifer-aquifer within the basin were triggered by infiltration, leaking 

and mixing besides controlled by the major processes of silicate weathering, dissolution 

and ion exchange. Through this process, groundwater in shallow aquifer (Layer 1) 

evolved from CaHCO3 to NaHCO3 towards the coastal area. As the depth increases, 

groundwater shows a trend of depletion in stable isotopes, decreasing in tritium and 

increasing in radon concentration. Recharge estimation using CMB, WTF, TDP and 
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GM(WB) showed high variability within 8% to 68% of annual rainfall. CMB ranges from 

16% to 68%, WTF 11% to 19%, TDP 8% to 11%, and GM(WB) 11% of annual rainfall, 

respectively. At 11%, recharge from GM(WB) was the best method for estimation 

because the model was constructed and calibrated using locally derived input parameters. 

GM(WB) is the only method involved with calibration and validation process to reduce 

the uncertainty. The WTF method based on long-term hydrological records gives a 

reasonable recharge value, in good agreement with GM(WB) and these methods can be 

paired to ensure the reliability of recharge value approximation in the same ranges. 

Applying various methods has given insight into methods selection to quantify recharge 

at LKRB and it is recommended that a lysimeter is installed as a direct method to estimate 

recharge. The integrated outcomes of groundwater recharge mechanism is useful as a 

baseline study for effective and sustainable groundwater resources management at LKRB 

and Malaysia. 

 

Keywords: Lower Kelantan River Basin, recharge flow, recharge rate, stable isotope, 

tritium, radon, hydrogeochemical, chloride mass balance, water table fluctuation, 

temperature-depth profiles, groundwater modelling 
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PENILAIAN PELBAGAI KAEDAH IMBUHAN AIR TANAH DI 

LEMBANGAN BAWAH SUNGAI KELANTAN, MALAYSIA 

 
ABSTRAK 

Imbuhan air tanah adalah proses semulajadi pengisian semula ke dalam sistem akuifer. 

Semenjak 1930an, permintaan air bawah tanah telah meningkat dan telah menyumbang 

70% bekalan air di Lembangan Bawah Sungai Kelantan. Walau bagaimanapun, kajian 

komprehensif terhadap mekanisme imbuhan air bawah tanah tidak pernah dilaporkan. 

Kajian ini menilai pelbagai kaedah untuk mengenal pasti proses aliran imbuhan 

menggunakan isotop stabil iaitu deuterium (2H) dan oksigen-18 (18O), tritium(3H), radon 

(222Rn) dan hidrogeokimia (HC) dan penentuan kadar imbuhan menggunakan 

keseimbangan klorida massa, (CMB), turun naik paras air (WTF), profil suhu-kedalaman 

(TDP) dan permodelan air bawah tanah bersama keseimbangan air GM(WB) diikuti 

dengan pembinaan model konseptual mekanisme imbuhan. Isotop stabil menunjukkan 

asalan air hujan dari jisim monsun udara meteorik yang telah mengalami penyejatan 

primer dan sekunder manakala tritium menunjukkan hujan berumur air moden kurang 

lima ke sepuluh tahun. Hujan adalah sumber utama air permukaan dan mengimbuh ke 

dalam sistem air bawah tanah. Pergerakan cepat air larian hujan secara perkolasi dan 

menyusup melalui zon tak tepu terus ke akuifer telah mengimbuh Lapisan 1 dengan umur 

air moden manakala akuifer dalam (Lapisan 2 dan Lapisan 3) mengandungi campuran 

imbuhan air iaitu air moden dan air separa moden yang disebabkan oleh masa pergerakan 

yang lebih panjang dan percampuran dengan air sedia ada di dalam akuifer. Komposisi 

isotop dan hidrogeokimia membuktikan interaksi sungai-air bawah tanah dan akuifer-

akuifer di lembangan adalah melalui penyusupan, kebocoran dan percampuran yang 

dipengaruhi oleh luluhawa silika, pencairan dan pertukaran ion sebagai proses utama. 

Melalui proses ini, air bawah tanah (Lapisan 1) berevolusi dari CaHCO3 ke  NaHCO3 ke 
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arah kawasan pantai. Dengan pertambahan kedalaman akuifer, air bawah tanah 

menunjukkan corak pengurangan isotop stabil, pengurangan tritium dan peningkatan 

kepekatan radon. Penentuan kadar imbuhan mengunakan CMB, WTF, TDP dan 

GM(WB) menunjukkan variasi yang tinggi di antara 8% ke 68% dari hujan tahunan. 

CMB adalah dari 16% hingga 68%, WTF 11% hingga 19%, TDP 8% hingga 11% dan 

GM (WB) 11% daripada hujan tahunan. 11% imbuhan dari GM(WB) adalah kaedah 

terbaik penentuan imbuhan kerana model yang dibina dan dikalibrasi adalah 

menggunakan data tempatan. GM(WB) adalah satu-satunya kaedah yang melibatkan 

proses kalibrasi dan validasi untuk mengurangkan ketidakpastian. Kaedah WTF 

berdasarkan rekod hidrologi jangka panjang menunjukkan nilai imbuhan yang 

munasabah, bersesuaian dengan GM(WB) dan kaedah ini boleh digunakan bersama untuk 

memastikan kebolehpercayaan nilai imbuhan dalam julat yang sama. Penggunaan 

pelbagai kaedah telah memberikan pemahaman terhadap pemilihan kaedah pengukuran 

imbuhan di KLRB dan adalah disarankan pemasangan lysimeter sebagai kaedah secara 

terus penentuan imbuhan. Hasil bersepadu meknisme imbuhan air bawah tanah adalah 

sangat berguna sebagai kajian asas pengurusan sumber air bawah tanah yang berkesan 

dan mampan di LKRB dan Malaysia. 

 

Kata kunci: Lembangan Bawah Sungai Kelantan, aliran imbuhan, kadar imbuhan, isotop 

stabil, tritium, radon, hidrogeokimia, jisim keseimbangan klorida, turun naik paras air, 

profil suhu-kedalaman, permodelan air tanah 
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CHAPTER 1: INTRODUCTION 

1.1 Introduction 

This chapter will introduce the thesis topic and briefly address the research studies 

related to the topic. The research area took place in the state of Kelantan, the one and only 

state that has been utilising the natural resources of groundwater for water supply in 

Malaysia. This research is titled “Assessment of Various Groundwater Recharge 

Methods in the Lower Kelantan River Basin, Malaysia”. The title itself has 

significantly represented the main purpose of the research and has highlighted several 

methods that will be used later in this study. The main components of this study such 

as statement of the research problems, research objectives and scope of works, 

significance of the research study, limitations faced during research study and thesis 

outlines are briefly highlighted. 

 

1.2 Groundwater Resources 

Worldwide groundwater reserved stored underneath the earth is estimated to be about 

8 million km3 to 10 million km3 stored on earth (van der Gun, 2012). 35% of fresh 

groundwater is in large sedimentary basin, 18% is stored in complex geological region 

and the remaining 47% occurs in local and shallow aquifers which is limited to the 

alteration zone of the bedrock that locally may contain productive aquifer (Richts et al., 

2011). Groundwater has been abstracted ~986 km3/year (60%) worldwide and most of 

this for agricultural, domestic and industrial uses (NGWA, 2016). Groundwater resources 

are used by approximately 2.5 billion people of the world to support their daily needs 

(UNESCO, 2015).  

 

Extensive exploitation of groundwater abstraction started during the twentieth 

century, also called the ‘silent revolution’ was driven by agricultural needs worldwide 
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without proper planning by farmers (Llamas & Martínez-Santos, 2005; Llamas & 

Martínez-Cortina, 2009). The ‘silent revolution’ wave started in Italy, Mexico, USA and 

Spain, whereas the second wave began in South Asia, North China, part of Middle East 

and Northern Africa and the third wave in African regions, Sri Lanka and Vietnam (Shah 

et al., 2007). Over exploitation of groundwater has introduced unprecedented 

groundwater stress problem in some regions. The greatest stress on groundwater occurred 

mostly in arid and semi-arid areas of the world (Famiglietti, 2014). 

 

In the tropical region, groundwater stress has triggered or exacerbated land 

subsidence, aquifer compaction, groundwater depletion, salt water intrusion, arsenic 

contamination and groundwater quality deterioration, as reported at Chao Phraya River 

Basin, Mekong River Basin, the Greater Jakarta Basin, Irrawaddy Delta, Bengal Mega 

Delta and others (Babel et al., 2006; Delinom, 2008; Taylor et al., 2014; Ha et al., 2016). 

The stress become worse especially during periods of drought. 

 

The projection of global groundwater depletion during the twenty first century 

according to the influence of groundwater extraction costs and resources, range from 180 

km3/year to 480 km3/year (restricted renewable water) and 110 km3/year to 210 km3/year 

(expanded renewable water), which is lower than the 2050 prediction and also less than 

model predicted by Wada and Bierkens (2014) and Kim et al. (2016) [detailed in (Turner 

et al., 2019)]. The stresses on groundwater are still increasing and present unconsiderable 

risk and uncertainty. Whether there will be a sufficient groundwater in the future with 

good quality is still undetermined. Thus, sustainable groundwater resources management 

is important to avoid the key issues related with groundwater stress as mentioned 

previously. Nonetheless, sustaining the groundwater usage has become a global issue 

especially in economic and food supplies. 
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One of the key elements for sustainable groundwater resources management is 

groundwater recharge. Groundwater recharge is the process where water infiltrates into 

subsurface until it reaches the water tables forming an addition to the groundwater 

reservoir (de Vries & Simmers, 2002; Nimmo et al., 2005; Healy, 2010). Understanding 

the hydrogeological system of groundwater recharge mechanism of the recharge sources, 

the groundwater flow paths, groundwater quality and quantifying the recharge rate are 

crucial to the stakeholders because it varies in space and time and it is challenging to 

measure the recharge directly (Moeck et al., 2020). Climate change and urbanization are 

the main factors that can reduce the groundwater recharge (Jayakumar & Lee, 2017; 

Minnig et al., 2018; Hepburn et al., 2019). Information related to groundwater recharge 

will help to manage an over extraction of groundwater and prevent groundwater stress in 

order to sustain the resources as well. In some regions, managed aquifer recharge (MAR) 

has successfully overcome and improved the quantity and quality of groundwater (Dillon 

et al., 2019; Sallwey et al., 2019). Reviews on recharge mechanism are explained in 

Chapter 2, especially on methods that will be applied in this study. 

 

1.3 Problem Statement 

Malaysia is a country that is blessed with huge amount of groundwater storage of 

approximately 5000 billion m3 (Abdullah & Mohamed, 1998). 65% of ground water is 

being utilised for public water supply, 30% in industry and 5% for irrigation purposes 

(KeTTHA, 2010). The utilisation of groundwater is relatively low at only 3% (DID, 2000) 

because surface water is the main source of water supply. Therefore, there are no 

comprehensive studies related to groundwater recharge mechanism conducted on 

recharge source and flow process as well as methods to quantify the recharge rate in 

Malaysia even though recharge is a major component and needs to be considered in term 
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of effective water resources management in this country. The portion of groundwater 

recharge is usually estimated from water balance study. 

 

In Kelantan, groundwater has been used since 1935, and the groundwater demand has 

risen in the last 30 years (DID, 2000). This state is exalted with a lot of groundwater 

storage underneath especially at LKRB. This natural resource is managed by Air Kelantan 

Sdn. Bhd. (AKSB) as the main operator responsible for the development, operation and 

maintenance of the groundwater supply for public water supply in Kelantan. Groundwater 

has been exploited from shallow and deep aquifers. The total groundwater consumption 

is about 165 million litre per day (MLD), which constitutes more than 45% of the total 

water production at AKSB’s water treatment plants and demand for groundwater 

increases 2.5% annually (Suratman, 2010). In order to meet the increase in water demand 

usage, AKSB has constructed river bank filtrtaion (RBF) system in a few places and is 

planning to construct river barrage and sub storage dam within the basin in the future 

(Wan Ismail, 2019). Groundwater was used for households, agricultures and industry 

(Islami et al., 2012; Hussin et al., 2014). Fast developing urban area inevitably has 

affected the recharge process by changing the land use pattern.  

 

LKRB is situated in humid tropical rainforest climate and has been sanctified to 

receive high rainfall intensity with more than 2000 mm annually which reflects the 

abundance of groundwater resources. Precaution should be made to protect over 

exploitation of these groundwater resources as mentioned in section 1.2. Proper 

groundwater resources management and planning are needed for future needs. Studies 

related to groundwater recharge mechanism have not been done so far in the basin to gain 

insight on recharge flow processes and the best methods to be applied for humid tropical 

area to estimate the recharge are still questioned. It is hoped that this study will  provide 
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a base for future groundwater resources assessments at LKRB. All available data will be 

gathered to help in understanding the recharge mechanism systematically. 

 

1.4 Objective and Scope of Works 

The research objective is to determine the recharge source, recharge flow processes, 

recharge rate and overall concept of recharge mechanism at Lower Kelantan River Basin 

(LKRB). 

1. Identify the groundwater recharge sources, recharge flow processes (origin, 

process and residence time (age))of groundwater 

2. Apply and compare various methods for groundwater recharge rate and evaluate 

the best methods to be applied to estimate recharge rate 

3. Construct a conceptual model of groundwater recharge mechanism 

 

The scope of works to achieve the objective are: 

1. Using stable isotopes (2H and 18O), tritium (3H), radon (222Rn) and 

hydrogeochemical (HC) to achieve Objective 1 

2. Using Chloride Mass Balance (CMB), Water Table Fluctuation (WTF), 

Temperature Depth Profile (TDP) and Groundwater Modelling coupled with 

water balance (GM(WB)) methods to achieve Objective 2 

3. Develop a conceptual model of groundwater recharge mechanism based on 

outputs from scope 1 and scope 2 

 

1.5 Significance of Research Study 

As an important water supply in LKRB, groundwater resources management and 

planning are important to maintain the sustainability of the groundwater resources. 

Therefore, enlightenment on the groundwater recharge flow processes and recharge rate 
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is beneficial for groundwater resources management and planning in LKRB. It is expected 

that this research could be a stepping stone or baseline study for groundwater recharge 

mechanism in Kelantan particularly and Malaysia as a whole. 

 

1.6 Limitations 

The limitations faced during the research studies are: 

a) Direct measurement of recharge using lysimeter was unable to be installed 

because of difficulty in obtaining approval and permission from the land-owner 

b) Groundwater modelling attempt to be constructed within limited data available 

of the LKRB 

c) Available wells are not well distributed throughtout the LKRB 

d) Some of the methods lacked long-term data and certain parameters related are 

not available  

 

1.7 Thesis Outline 

This thesis consists of seven chapters. Chapter 1 will describe an overview of the 

research study and a brief of problem statements. Objectives and scope of works, 

significance of the study and limitations as well as the thesis organisation will be 

described at the end of the chapter. Chapter 2 will review the relevant literatures related 

to the study. The literatures on groundwater recharge mechanism are focused on detailed 

methods on recharge flow processes and methods to quantify recharge rate used in this 

study. Meanwhile, the research methodologies related to sampling locations, sampling 

procedures, samples analysis, quality assurance and quality control and recharge 

estimation methods applied in this study will be explained in Chapter 3. In chapter 4, 

geomorphology, geology, hydrology, hydrogeology and previous study of the study area 

will be discussed in detail. Chapter 5 will present the result findings whilst chapter 6 will 
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discuss the findings for each method. Groundwater recharge flow processes and 

groundwater recharge estimation rate will be evaluated towards the end of the chapter. 

The research findings will be concluded in chapter 7 with some advocations to improve 

the research study in the future. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Introduction  

This chapter will review and explain the core topic of the thesis concisely. 

Groundwater recharge will be introduce in the context of hydrologic cycle, history of 

recharge study, the important of recharge mechanism and recharge methods in terms of 

recharge flow processes and recharge rate estimation.  

 

Global hydrologic cycle is a system consists of three sub systems: the atmospheric 

water system, the surface water system and subsurface water system and this cycle is a 

continuous processes (Todd and Mays, 2005) is shown in Figure 2.1. Recharge is one of 

the important component in the subsurface water system as indicated in Figure 2.1. 

Recharge will replenish the aquifer system through rainfall, spring, river, wetland, canals, 

lakes and man induced through irrigation and urbanization (Lerner et al., 1990).  

 

 
Figure 2.1: Groundwater recharge in hydrologic cycle [figure edited from Winstanley 

(2007)] 
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For the past four decades, there is a number of text books, academic dissertations, 

review papers and reports dedicated to the groundwater recharge studies (Simmers, 1988; 

Lerner et al., 1990; Simmers, 1997; Scanlon et al., 2002; Adams et al., 2004; Scanlon et 

al., 2006; Seiler & Gat, 2007; Healy, 2010; Henry, 2011; Beyer et al., 2014; Chung et al., 

2016; Koeniger et al., 2016; Ali & Mubarak, 2017; Cartwright et al., 2017; Doble & 

Crosbie, 2017; Xu & Beekman, 2019; Moeck et al., 2020). Groundwater recharge is a 

downward movement of water infiltrate through the subsurface before it enters the water 

table (Lerner et al., 1990; Healy, 2010). It is typically expressed as a volume [L3], in units 

being m3 or acre-ft. Recharge rate is expressed either as a flux [L3T−1] into a specified 

portion of aquifer, a flux density [LT−1] (volume per unit surface area) into an aquifer at 

a point (Nimmo et al., 2005) or as a percentage of the annual rainfall or as an average rate 

of water [mm/year] (Obuobie, 2008).  

 

Assessment of effective and sustainable groundwater resources management requires 

an estimation of the groundwater recharge (Foster, 1988; Scanlon et al., 2002b; Chand et 

al., 2005; Gleeson et al., 2016; Gleeson et al., 2020; Thomann et al., 2020). Determination 

of recharge sources, recharge flow processes and quantification recharge rate are the most 

difficult challenges in hydrological sciences especially in evaluation of groundwater 

resources (Bredenkamp et al., 1995; Simmers, 1997; Henry, 2011). Knowledge on 

recharge rates is important to predict the sustainable safe yield for now and future 

sustainable exploitation of the groundwater resources because the future growth is depend 

on this resources at the most parts of the world (Gonfiantini et al., 1998; Sophocleous & 

Schloss, 2000; Sanford, 2002; Scanlon et al., 2002; Obuobie, 2008; Healy, 2010; 

Hartmann et al., 2017). 
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Recharge amount goes into an aquifer can be said equivalent to the safe yield or 

quantity of water that could be removed from aquifer for sustainable basis. Sustainable 

yield of an aquifer is almost always appreciably less than recharge (Sophocleous & 

Schloss, 2000) because sustainable yield must allow for adequate provision of water to 

sustain stream, spring, wetlands, and groundwater dependent ecosystem (Sophocleous, 

1997, 1998, 2000) but recharge rates itself are not sufficient for determining the 

sustainability (Bredehoeft et al., 1982; Healy, 2010). More challenges are faced 

especially in arid and semi-arid region as surface water resources are difficult to find that 

makes groundwater crucial compared to humid area (Scanlon et al., 2006). As population 

growth increased, water sarcity will become a major concern in the future. 

 

2.2 Groundwater Recharge Flow 

The principle of recharge flow to the groundwater system from various sources can be 

found in (Lerner et al., 1990; Scanlon et al., 2002; Healy, 2010). Two types of recharge 

flows can be distinguished as diffused recharge and focused recharge (Healy, 2010) as 

shown in Figure 2.1. Diffused recharge is referred as the response to precipitation that 

infiltrates the soil and percolates through the unsaturated zone before reaching the water 

table, distributes over large area in water added to the groundwater reservoir in excess of 

soil-moisture deficits and evapo-transpiration by direct vertical percolation through the 

vadose zone. This process also known as direct recharge (Simmers, 1997). 

 

Focused recharge is the movement of water from surface water bodies such as streams, 

canals, or lakes to the aquifer system (Healy, 2010). Lerner et al. (1990) has defined 

focused recharge into; 1) localized recharge (concentrated recharge from small 

depressions, joints or cracks) and 2) indirect recharge (from mappable features such as 

rivers, canals and lakes). Both diffused and focused recharge will enter groundwater 
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system, which varies in recharge flow processes from region to region and even site to 

site within a region (Healy, 2010).  

 

Scanlon et al. (2002), state that diffuse recharge is dominant in humid regions while 

arid regions are dominated by focused recharge. Humid regions are characterised by 

shallow water table and gaining streams where aquifers are often full and usually 

discharged through evapotranspiration and baseflow to streams. The recharge rates are 

limits by the ability of aquifers to store and transmit water, a process that strongly affected 

by the subsurface geology. Arid regions are well-known with their deep water tables and 

losing streams commonly in alluvial valleys. Recharge rates are minimal depending on 

the available water on the land surface due to climate factors of rainfall, 

evapotranspiration and geomorphological features. 

 

To understand the groundwater recharge sources and flow processes at LKRB, four 

methods will be applied and will be briefly reviewed in details in section 2.2.1 to 2.2.4. 

These methods are stable isotopes (SI) of deuterium (2H) and oxygen-18 (18O), tritium 

(3H), radon (222Rn) and hydrogeochemical (HC), respectively. 

 

 Stable Isotopes of Deuterium (2H) and Oxygen-18 (18O) 

Stable isotope of deuterium (2H) and oxygen-18 (18O) occur naturally and is abundant 

in various environments (Mook, 2000). The signature of 2H and 18O also known as 

‘conservative tracers’. The composition of 2H and 18O is measured according to the 

SMOW (Standard Mean Ocean Water) standard (Domenico & Schwartz, 1990) and 

reported as permil (0/00). The changes in composition of isotopic precipitation have been 

documented by Craig (1961), Dansgaard (1964), Craig and Gordon (1965), Rozanski et 

al. (1993) and Araguás-Araguás et al. (1998). Clark and Fritz (1997b), Kendall and 
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McDonnell (1998) and Hoefs (2009) have compiled a summarise of the processes and 

applications related to 2H and 18O stable isotope in hydrology.  

 

Since 2H and 18O are part of the water molecule, variation of 2H and 18O in natural 

water is largely controlled by the isotopic fractionation as shown in Figure 2.2. This 

isotopic fractionation occurs due to physical and chemical processes of ion exchange, 

evaporation, hydration and condensation (Domenico & Schwartz, 1990). The isotopic 

fractionation results in water bodies with isotopically distinct signatures and produces a 

defined relationship between 2H and 18O for global meteoric precipitation known as the 

Global Meteoric Water Line (GMWL) (Craig, 1961). The extent deviation of natural 

water isotopic signature from the GMWL along the evaporation lines will reflect the 

magnitude of kinetic effect in which the greater the deviation from the line indicates the 

more extensive evaporation (Craig & Gordon, 1965; Gat, 1971; Domenico & Schwartz, 

1990).  

 

2H and 18O isotopic compositions differ geographically by temperature, latitude, 

amount of rainfall, continental effects and elevation (Dansgaard, 1964; Clark & Fritz, 

1997a; Cook & Herczeg, 2000). In Southeast Asia, temporal variations are significant in 

some part of tropical area whereas rainfall amount associated well with the depletion of 

isotopic signatures (Araguás-Araguás et al., 1998, 2000). These processes determine the 

isotopic signature of precipitation as well as the evolution of the isotopic signature of 

surface waters, both of which may contribute to groundwater recharge. Directly infiltrated 

groundwater from precipitation have the isotopic signature of precipitation, while the 

groundwater that was recharged by other sources, such as river and lake, will show the 

mean isotopic content of the contributing river or lake and they are expected to have 

different signature from that of local precipitation (IAEA, 2011b). 
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Figure 2.2: Isotopic fractionation from meteoric water line cause by various processes 
[Figure from (Domenico & Schwartz, 1990) used with permission from publisher John 
Wiley & Sons Limited] 

 

The signatures of 2H and 18O isotopic has been widely used to enlightenment the 

hydrological system and regional groundwater processes in different climate condition of 

arid, tropical and temperate. 2H and 18O are successfully applied to identify the origin and 

mechanism of groundwater recharge (Das et al., 1988; Leontiadias et al., 1988; 

Krishnamurthy & Bhattacharya, 1991; Mizota & Kusakabe, 1994; Ahmed & Burgess, 

1995; Girard et al., 1997; Aggarwal et al., 2000; Salem et al., 2004; Blasch & Bryson, 

2007; Li et al., 2008; Heilweil et al., 2009b; Rapti-Caputo & Martinelli, 2009; Al-Gamal, 

2011; Majumder et al., 2011; Yin et al., 2011a; Yuan et al., 2011b; Peng et al., 2012; 

Singh et al., 2013; Fynn et al., 2016; Liu et al., 2016; Wirmvem et al., 2017; Hao et al., 

2019; Wang et al., 2020), groundwater evolution (Gat & Tzur, 1967; Gibson et al., 2002; 

Robertson & Gazis, 2006; Fynn et al., 2016; Barzegara et al., 2020; Xiong et al., 2020), 

surface water-groundwater interaction (Jacobson et al., 1991; Acheampong & Hess, 
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2000; Andreo et al., 2004; Meredith et al., 2009; Li et al., 2014; Wang et al., 2014; 

Laonamsai & Putthividhya, 2016; Kambuku et al., 2018; Du et al., 2019), intrusion 

effects of sea water on groundwater quality (Kim et al., 2003; Mukherjee et al., 2007; 

Eissa et al., 2016; Eissa et al., 2018), water sources constrains in surface water basins 

(Flusch et al., 2005), identify the interaction between surface water bodies (Yao et al., 

2009) and other applications.  

 

Wirmvem et al. (2017) studied the recharge mechanism of shallow aquifer at Ndop 

Plain, northwest Cameron. The results suggest that a single homogeneous shallow 

unconfined aquifer is being recharged by local precipitation through a direct/diffuse 

heterogeneous recharge mechanism. 80% of the rainwater infiltrates directly into the 

shallow aquifer through minor openings in the unconsolidated sediments. 20% of the 

groundwater originates from localised recharge from mountainous chain or mixed with 

the inflowing river. The timing of recharge is based on the similarities of 2H and 18O in 

the rain and groundwater between May and June is characterized by abundant monsoon 

rain and insignificant recharge during July-September.  

 

Fynn et al. (2016) evaluated the source and evolution of groundwater in parts of the 

Nabogo catchment of White Volta Basin, Ghana using the signature of 2H and 18O in pore 

water (vadose zone), rainwater, surface water and groundwater. Their finding shows that 

the local precipitation, presents a relatively isotopically heavier signature compared to the 

average signature of global meteoric water. The local groundwater in the area presents 

relatively enriched isotopic signatures. Stable isotope profiles suggest piston flow as the 

main mechanism of vertical water movement in the vadose zone, indicates that direct 

groundwater recharge from local precipitation is principally based on this mechanism of 

transport. A progressive declining in the deuterium excess data of pore water vertically 
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down the soil profile is consistent with an evolutionary pattern caused by fractionation 

processes attending evaporation of infiltrating water. Mineral-weathering processes have 

not been noted to influence the isotopic signature of groundwater in the area. However, it 

appears to be a significant impact of evaporation on the total dissolved solid content of 

surface water in the area.  

 

Liu et al. (2016) traced the recent groundwater recharge processes at Hohhot basin, 

China and compared their finding with Shao (1989). The recharge mechanism for shallow 

groundwater unconfined aquifer is due to precipitation in eastern and northern hilly areas 

and changed from the vertical infiltration from precipitation and lateral flow of surface 

water in piedmont plain to the infiltration of surface water in the piedmont area and lateral 

flow recharge during the past 30 years. The deep groundwater in confined aquifer has the 

same recharge mechanism as the shallow groundwater in unconfined aquifer in northern 

area of lateral flow.  

 

Girard et al. (1997) studied the recharge processes of the fractured aquifer. In the 

Kobio basin, the fractured aquifer appears to be recharged by evaporated kori waters at 

the Gouroubi–Lomona confluence (which corresponds to a lineament node and probably 

to a fractured zone). The recharging water is traced by their 18O signature indicative of 

evaporated water. As this recharging plume of evaporated water flows northward away 

from the recharge zone, along the Lomona lineament axis, it mixes progressively with 

older (no tritium) and isotopically lighter aquifer water. This strongly suggests aquifer 

continuity along this flow direction. A pump test in one of the three wells studied would 

confirm these hypotheses. In Niamey, the aquifer seems to be recharged by a similar 

mechanism. An ‘injection’ of evaporated river water into the aquifer is observed and may 

it contribute considerably to the overall recharge of the Niamey aquifer. The plume of 
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evaporated water, traced by its isotopic composition, migrates from the river towards the 

sampled wells and appears to be progressively diluted by isotopically lighter aquifer water 

along its course. In light of the remarkable geomorphologic homogeneity of cratonic West 

African Sahel regions, aquifer recharge by the surface water network may be generalized 

to the entire subregion. Furthermore, aquifers in other semi-arid areas may also be 

recharged in this fashion, for example as reported in Sudan by Edmunds et al. (1992). 

 

 Cosmogenic Isotopes of Tritium (3H) 

Tritium (3H) is a cosmogenic isotope with half-life of 12.32 years (Lucas & 

Unterweger, 2000). The tritium content was reported as ‘Tritium Unit’ (TU), defined as 

equal to 1 tritium atom per 1018 atoms (Kendall & McDonnell, 1998). It is produced 

naturally in the atmosphere by the interaction of cosmic ray radiation of 14N in the 

stratosphere (Ingraham, 1998; Loveland et al., 2017) and in subsurface by spontaneous 

fission of 6Li from neutrons produced during uranium and thorium series decay in 

sedimentary to volcanic rock types (Cook & Herczeg, 2000).  

 

The human made anthropogenic sources of tritium in the atmosphere are induced by 

the thermonuclear bomb testing, nuclear power reactor plant and weapons manufacture 

(Houston, 2007). A great spike (tritium pulse or tritium bomb pulse) of tritium into the 

atmosphere via thermonuclear bomb testing during 1950s and 1960s was measured in 

precipitation as high as 10 000 TU (Ingraham, 1998) compared to the pre-bomb of 3 to 6 

TU for Europe and North America and 1 TU to 3 TU for southern Australia (Healy, 2010). 

In 1963, tritium precipitation in the northern hemisphere was higher than the one that has 

been recorded at the southern hemisphere in 1964 where 3278 TU was reported at 

Ottawa,Canada while 38 TU at Kaitoke,New Zealand, respectively. This happened 

because most of the nuclear tests were conducted at the northern part (Cook & Herczeg, 
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2000). Ocean is believed to act like a sink for tritium while the ocean/land portion is vital 

in affecting the amount of tritium precipitation (Seiler & Gat, 2007).  

 

Figure 2.3 shows the long-term tritium observed at Ottawa and Kaitoke generated from 

GNIP database (IAEA/WMO, 2017). The steady declines of tritium content in 

atmosphere after the nuclear weapon testing during the 1950s and 1960s was caused by 

the combined effect of tritium removal by rainwater, radioactive decay of tritium and 

cessation of atmospheric testing (Morgenstern et al., 2010; Stewart et al., 2012; Wirmvem 

et al., 2017) The decreasing of world tritium content is said to be back to the normal level 

of world tritium before nuclear testing.  

 

 
Figure 2.3: Tritium in precipitation at Ottawa and Kaitoke stations [data were 

downloaded from GNIP database (IAEA/WMO, 2017)] 

 

Since the Atmospheric Test Ban Treaty was signed in 1963, the amount of tritium 

content entering the atmospheric was reduced. In total there were 2056 nuclear test 

explosions at the USA, USSR/Russia, UK, France, China, India, Pakistan and North 

Korea test sites recorded since July 1965 till September 2017 (Kimball, 2017). In 1996, 

Univ
ers

iti 
Mala

ya



 

18 
 

a Comprehensive Test Ban Treaty (CTBT) was opened for signing but no enforcement to 

stop nuclear weapon test explosion or nuclear explosion and to establish an international 

test monitoring and verification system. Only USA, USSR/Russia, UK, France, China 

have signed this CTBT. Even though the nuclear test is still ongoing, the tritium content 

in precipitation has declined to the low natural level because of decaying process and end 

of cessation nuclear test (Harms et al., 2016; Wirmvem et al., 2017). The release of 

tritium emission from nuclear power reactor (modern development) is negligible into the 

environment since the radioactive waste was managed properly (Ferronsky & Polyyakov, 

2012). 

 

Tritium is a part of water molecule with the heaviest hydrogen isotope that behave 

conservatively and enters the hydrologic cycle either by snow or rainwater (Loveland et 

al., 2017). Therefore, it was an excellent tracer for identifying young water (modern 

water) up to 100 years because of the short half-life of 12.32 years, not influenced by any 

chemical/microbial processes during the travel time and has no effect towards the 

interactions with aquifer materials as tritium is controlled by the radioactive decay 

process (Geyh, 2000; Morgenstern et al., 2010; Ravikumar & Somashekar, 2011b, 2011a; 

Cartwright & Morgenstern, 2012; Stewart et al., 2012; Ako et al., 2013; Hasegawa et al., 

2015; Gusyev et al., 2016; Harms et al., 2016; Thomson, 2016; Santos et al., 2017). 

Tritium is widely used for dating and estimating the residence time or transmit time to 

enhance understanding the recharge mechanism in the river basin (Bauer et al., 2001; 

Bajjali, 2006; Gooddy et al., 2006; Koh et al., 2006; Ahmed et al., 2011; Zuber et al., 

2011; Haque et al., 2012; Smerdon et al., 2012; Ako et al., 2013; Kralik et al., 2014; Joshi 

et al., 2018; Li et al., 2019b; Xiong et al., 2020). 
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Tritium was the only tracer that able to date groundwater directly. Therefore, it can be 

used to identify the recharge processes either pre or post bomb of tritium in the basin 

(Kelly, 1997; Hancox et al., 2010; Al-Charideh & Hasan, 2013). This qualitatively 

assessment of recharge processes are based on Clark and Fritz (1997a) classification for 

alluvial and hard rock area. The interpretation of tritium is usually in paired with isotopes 

2H and 18O to enchance our knowledge related to groundwater water flow process by 

allowing young or old water to be distinguished (Chen et al., 2006; Majumder et al., 2011; 

Qian et al., 2013; Madioune et al., 2014; Ammar et al., 2016; Ayadi et al., 2016; 

Verbovsek & Kanduc, 2016; Wirmvem et al., 2017). 

 

The tritium decay has enabled researchers to quantify the recharge rates based on the 

calculated residence time and transmit time time in the basin (Clark & Fritz, 1997a; 

Stewart & Morgenstren, 2001; Zuber et al., 2011; Cartwright & Morgenstern, 2012; 

Samborska et al., 2013; Caschetto et al., 2016; Jerbi et al., 2019). Clark and Fritz (1997a) 

stated that the quantification of recharge rates using groundwater ages was less as the 

interpretation of tritium has been tough by the nuclear testing in the 1950s and 1960s 

where the tritium content increased in the atmospheric. As a consequence of the peak in 

atmospheric tritium levels from the bomb-pulse, modelled groundwater ages have 

commonly produced non-unique ages, because atmospheric tritium concentrations 

decreased at a similar rate to radioactive decay (King et al., 2017). However, in the 

Southern Hemisphere, the remnant bomb pulse tritium activity has now decayed below 

the natural background (Figure 2.2) and residence times can be calculated by applying an 

assumed flow model to a single tritium measurement (Cartwright and Morgenstern 2012). 

The simple lump parameter models were used to determine the residence time. This 

model has six different models which is piston-flow model (PFM), exponential mixing 

model (EMM), exponential piston-flow model (EPM), partial-exponential model (PEM), 
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dispersion model (DM) and binary mixing model (BMM) (Jurgens et al., 2012). Model 

selection is depended on the condition of flow in the basin (input and output), long time 

series data (precipitation as background data and samples) and the knowledge of the 

modeller itself (Zuber et al., 2011; Jurgens et al., 2012) to avoid misinterpretation and to 

have reliable age interpretation.  

 

The low tritium level at Central Tunisia has made Jerbi et al. (2019) to apply 

radioactivity decay model using historical tritium to compare with current tritium 

measurment. The groundwater renewal rate ranges from 0.06% to 6.46% of annual mean 

rainfall for three aquifers. Their study shows that the estimated recharge was comparable 

with previous study and reliable for homogenous lithology with localised area and method 

was less consistent for detrial aquifer (composed lenticular sediments). Since the recent 

tritium content mostly less than 3 TU, tritium was not significant to be used in some 

region which made the interpretation very difficult. Therefore, the used of recently 

measured tritium content alone was clearly unreliable without considering older data 

(over the period 1950–1970). Their finding does not reduce the importance of tritium as 

a tracer for use in other fields of hydrology. Indeed, the use of tritium with other 

approaches is appropriate. 

 

The application of tritium was not limited with tritium itself but researchers nowadays 

are likely to use tritium in combination (multi-tracer study) with it stable daughter isotope 

of helium (3He), stable isotopes (18O and 2H), carbon (13C and 14C), chlorofluorocarbon 

(CFC), sulphur hexafluoride (SF6), krypton (85Kr) and other isotopes to enhance the 

knowledge that infers the water flow processes, resolved the extent of mixing occurred in 

groundwater and to be able to compare the recharge rates (Bauer et al., 2001; Bajjali, 

2006; Gooddy et al., 2006; Koh et al., 2006; Visser et al., 2009; Ahmed et al., 2011; 
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Zuber et al., 2011; Haque et al., 2012; Smerdon et al., 2012; Ako et al., 2013; Kralik et 

al., 2014; Gil-Márquez, 2019; Wirmvem et al., 2020).  

 

 Radiogenic Isotope of Radon (222Rn) 

The radiogenic isotope of radon exists as three isotopes of 219Rn, 220Rn and 222Rn. 

Radon is a product from natural radioactive decay of actinon-uranium series, while 

thorium series and uranium series are the daughters through alpha disintegration from 

223Ra, 224Ra and 226Ra isotopes (Giap, 2003; Ferronsky & Polyyakov, 2012) as shown in 

Figure 2.4. 222Rn is the most stable isotope and it has longer half-life of 3.83 days 

compared to 219Rn and 220Rn which have short half-life (4 and 55 seconds) and the present 

in natural air and water are less (Cecil & Gesell, 1992; Kendall & McDonnell, 1998; Wu 

et al., 2004; Grolander & Kärnbränslehantering, 2009). Uranium-238 is abundant in Earth 

crust about 99.3% of total uranium (Ravikumar et al., 2014). It presents ubiquity in almost 

all types such as sedimentary, metamorphic and granitic rocks and soils (Rajashekaraa et 

al., 2007; Lefebvre et al., 2013; Stellato et al., 2013). 

 

For the last 25 decades, 222Rn (referred as radon) has been used as an excellent tracer 

in air, soils and water studied. This is because the features of radon itself which are 

naturally occurring, a type of inert gas, possessing short half-life, chemically stable and 

does not react or affected by the complex geochemical processes with the surrounding 

environment, colourless, tasteless and odourless (Grolander & Kärnbränslehantering, 

2009; Ravikumar et al., 2014). The health risks due to the exposure of radon were 

associated with an increase of lung and stomach cancer through inhalation or ingestion 

(UNSCEAR, 2000) where the exposure to radon by inhalation is four times higher than 

by ingestion from water consumption. Radon entered the hydrological cycle due to 

ingrowth from radium-226 (226Ra) existing in geological materials and waters. The  
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Figure 2.4: Radioactive decay chain of action-uranium-235 series, thorium-232 series 

and uranium-238 series to produce radon daughters of 219Rn, 220Rn and 222Rn (Ferronsky 

& Polyyakov, 2012), modified with permission from publisher Springer  

 

process by which radon escapes from the solid material is known as emanation and this 

emanation processes consists of both chemical and a physical process [detailed in 

Grolander and Kärnbränslehantering (2009)].  

 

Radon as a tracer was extensively applied in the hydrological studies to identify the 

interaction between surface water and groundwater from different geological aspects 

(fractured rock to alluvial system) and landscape conditions (alpine/mountain to coastal) 

especially in water resources perspective. The different radon concentration in were 

applied to study the exchange/connectivity of river and groundwater (Green & Stewart, 

2008; Baskaran et al., 2009; Oyarzún et al., 2014). Groundwater will have radon 

concentration two or three times higher than surface water because radon in surface water 

tend to lose to the atmosphere caused by turbulent condition in river (Bertin & Bourg, 

1994).  
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Radon was effectively used to trace the river infiltrated (river discharge) into an aquifer 

and/or groundwater discharge or seepage into lakes, river and ocean by estimating and 

quantifying the flow in and flow out by considering the loss gas exchange and radioactive 

decay of radon during the process (Hoehn & von Gunten, 1989; Ellins et al., 1990; 

Yoneda et al., 1991; Bertin & Bourg, 1994; Wu et al., 2004; Hoehn & Cirpka, 2006; 

Kluge et al., 2007; Burnett et al., 2008; Santos et al., 2008; Stellato et al., 2008; Schmidt 

et al., 2009; Dugan et al., 2012; Su et al., 2012; Guida et al., 2013; Stellato et al., 2013; 

Unland et al., 2013; Yu et al., 2013; Cartwright et al., 2014; Cartwright & Gilfedder, 

2015; Martindale, 2015; Unland et al., 2015; Quinodoz et al., 2017; Du et al., 2019; 

Gilfedder et al., 2019; Yang et al., 2020). By analysing the variation and trend of radon 

in surface water and groundwater along three stream dicth, Du et al. (2019) has identified 

section along the stream, the section in which the river water and groundwater discharged. 

They used radon tracer principle, to quantify the transformation between goundwater and 

surface water with average seepage rate was 2708 m3/d/m in the upstream section and the 

average groundwater recharge was 17.6 m3/d/m. 

 

Short half-life is good for understanding the rapid mixing processes between surface 

water and groundwater (Stellato et al., 2008; Stellato et al., 2013; Kim et al., 2020). 

Stellato et al. (2013) using a model describing radon concentrations in groundwater as 

the result of both parents/daughter nuclide equilibrium. Mixing process (radon 

mixing/saturation model) was used to describe observed radon concentrations and mixing 

index trends with the aim of evaluating water mean infiltration velocities along the 

transect. The stream bank infiltration velocities obtained by the model ranged from 1 

m/day during groundwater recharge periods, when river water infiltration is lower, to 39 

m/day during recession phases, when river water infiltration is larger. Their studies 

highlighted that the advantage of radon method was that, the infiltration velocities were 
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calculated without information on hydraulic conductivity, effective porosity and 

hydraulic gradient between river and groundwater that difficult to measure accurately. 

Kim et al. (2020) reported to investigate the mixing processes between groundwater and 

surface water where the groundwater heat pump (GWHP) system was located at the 

riverside of Han River. Radon mixing ratios showed patio–temporal variations, 

influenced by the dam discharge rate, seasonal effects, and GWHP. The average mixing 

ratio values using strontium were in accordance with the results of radon. The microbial 

heat map also supported the mixing processes as they found unique bacterial taxa 

(anomalies in bacterial community structure) that caused by exchange between two water 

bodies. The interactive and dynamic mixing occurred in the riverside area in relation to 

external factors causing hydraulic disturbances. 

 

Another useful application of radon as a portioning tracer is to detect the sources, 

quantify and estimate the migration of light or dense NAPLs (non-aqueous phase liquid) 

contaminant in soil and groundwater for remediation purposes (Semprini et al., 2000; 

Davis et al., 2003; Schubert et al., 2007; Semprini & Istok, 2008; Yoon et al., 2013; Chen 

et al., 2014; Yang et al., 2014; Ponsin et al., 2015; Simone et al., 2017; Briganti et al., 

2020). The distribution of radon concentration in contact with NAPLs was reduced radon 

has a strong affinity to NAPLs. The reduction in radon was referred to as radon deficiency 

(Semprini et al., 2000). This deficiency is correlated with the NAPLs content. Therefore, 

comparing the radon in site-contaminant and nearby monitoring wells enables evaluation 

of the remediation process. MTBE contaminated groundwater were studied by Briganti 

et al. (2020) after 15 years to identify the occurance of residual area. Blobs of NAPLs are 

probably located where former underground gasoline were placed, but only the most 

soluble substances (MTBE and to a lesser extent benzene and total hydrocarbons 

expressed as n-hexane) are occasionally detected in groundwater. The results of radon 
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deficit were constant during the study preriod due to total residual NAPL mixture and not 

only to the most soluble MTBE which is irregularly mobilized by the rising water table 

after rainfall events. 

 

 Hydrogeochemical (HC) 

Hydrogeochemical shows a variation in concentration of groundwater. A long way 

back, classical graphical method (CGM) of Piper trilinear diagram (Piper, 1944), Stiff 

pattern (Stiff, 1951), Schoeller diagram (Schoeller, 1955 1965) and Durov plot (Durov, 

1948) was always an option to depict those data. Data represented using CGM usually 

considered major ions in the water merely. Nowadays, with the cutting-edge technology, 

a wide range of chemical parameters of minor and trace elements can be analysed and 

provided comprehensively in the hydrogeochemical characteristic of groundwater. 

Therefore, multivariate statistical method (MSM) such as hierarchical cluster analysis 

(HCA), principal components analysis (PCA) and factor analysis (FA) have given insight 

to researchers as a tool to improve hydrogeochemical data interpretation (Steinhorst & 

Williams, 1985; Farnham et al., 2000; Alberto et al., 2001; Lopez-Chicano et al., 2001; 

Stetzenbach et al., 2001; Locsey & Cox, 2003; Pereira et al., 2003; Belkhiri et al., 2010). 

Unlike CGM, MSM can be used to handle large data sets and any combination of physical 

and chemical parameters of the hydrogeochemical data.  

 

A combination of CGM and MSM in related publication of hydrogeochemical studies 

has succesfully proven to identify the geochemical processes that affect the groundwater 

flow path, groundwater evolution and groundwater quality (Ceron et al., 2000; Farnham 

et al., 2000; Stetzenbach et al., 2001; Gu¨ler et al., 2002; Gu¨ler & Thyne, 2004; Helsrup 

et al., 2007; Papatheodorou et al., 2007; Andrade et al., 2008; Cloutier et al., 2008; Li & 

Zhang, 2008; El Yaouti et al., 2009; Dassi, 2011; Monjerezi et al., 2011; Singaraja et al., 
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2014; Ghesquiere et al., 2015; Yang et al., 2016; Zhu et al., 2017; Wang et al., 2018; 

Alain et al., 2020). Enhancing knowledge of geochemical processes through integrated 

CGM and MSM as well as with the hydrogeological and geological context can improve 

understanding on the regional groundwater hydrogeochemical system in the basin for 

sustainable development and effective groundwater management.   

 

Wang et al. (2018) have integrated the traditional and multivariate methods to 

understand the interaction of groundwater flow patterns and geochemical evolution 

within Manas River Basin by analysing the surface water and groundwater. HCA and 

PCA have indicated three zones of recharge, transition and discharge with different 

groundwater types of Ca-HCO3-SO4 (primarily impacted by the dissolution of calcite and 

silicate weathering), Ca-HCO3-SO4-Cl (impacted by rock dissolution and reverse ion 

exchange) and Na-Cl (impacted by evaporation and reverse ion exchange). The 

groundwater type generally changes from Ca-HCO3-SO4 in the recharge area to Na-Cl in 

the discharge area along the regional-scale groundwater flow paths. Anthropogenic 

activities also have impacted the groundwater chemistry in the basin. 

 

Ghesquiere et al. (2015) studied the hydrogeochemistry of the Charlevoix/Haute-Côte-

Nord (CHCN) aquifer system using CGM and MSM together with stable isotopes δ2H 

and δ18O. Stable isotopes analysis suggested that the origin of groundwater was from 

recharge water in a temperate to cold climate. The MSM was analysed using HCA and 

R-mode factor analysis (RFA). Four clusters were identified. Cluster 1 composed of low-

salinity Ca-HCO3 groundwater corresponding to recently infiltrated water in surface 

granular aquifers in recharge areas. Cluster4 Na-(HCO3-Cl) groundwater was more saline 

and corresponds to more evolved groundwater probably from confined bedrock aquifers. 

Cluster 2 and Cluster 3 (Ca-Na)-HCO3 and Ca-HCO3 groundwater, respectively, 
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correspond to mix or intermediate water between Cluster 1 and Cluster 4 from possibly 

inter-connected granular and bedrock aquifers. The main processes affected the 

hydrogeochemical evolution of groundwater in the CHCN was groundwater recharge, 

water–rock interactions, ion exchange, solute diffusion from marine clay aquitards, 

saltwater intrusion and hydraulic connections between the Canadian Shield and the 

granular deposits. 

 

Cloutier et al. (2008) have identified 7 clusters from 144 samples and 14 parameters 

of the Paleozoic Basses-Laurentides sedimentary rock aquifer system in Que´bec. 

Clusters C3, C4, C6 and C7 have samples located in preferential recharge areas with most 

of the samples having Ca–Mg–HCO3 recharge groundwater (C3, C6, C7) and Na–HCO3 

evolved groundwater (C4). C1, C2 and C5 were under confined conditions with majority 

of samples have Na–HCO3 evolved groundwater (C1, C5) and Na–Cl ancient 

groundwater that exhibits elevated concentrations in Br- (C2). The distribution of clusters 

was influenced by minor and trace elements from geological formation such as Fe2+, 

Mn2+, Sr2+, F- and Ba2+. The first five components of the PCA account for 78.3% of the 

total variance in the dataset. Component 1 was defined by highly positive loadings in 

Na+, Cl- and Br- and was related to groundwater mixing with Champlain Sea water and 

solute diffusion from the marine clay aquitard. The high positive loadings in Ca2+ and 

Mg2+ of component 2 suggested the importance of dissolution of carbonate rocks in this 

aquifer system. The first two components were defined as the ‘‘salinity’’ and ‘‘hardness’’ 

components, respectively. Components 3–5 were related to more local and geological 

effects. CGM and MSM with hydrogeological and geological information have divided 

the region into four geochemical areas. The three factors that have influenced the 

evolution of groundwater in every geochemical area, 1) geological characteristics 

including sedimentary rock type and mineralogy; (2) hydrogeological characteristics 
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represented by the level of confinement and the hydraulic gradient; and (3) geological 

history by the latest glaciation as well as Champlain Sea invasion. 

 

2.3 Groundwater Recharge Rate 

A wide variety of groundwater recharge methods has been studied (Lerner et al., 1990; 

Taylor & Howard, 1996; Hendrickx & Walker, 1997; Kinzelbach et al., 2002; Scanlon et 

al., 2002; Jones & Banner, 2003; Delin & Risser, 2007; Dripps & Bradbury, 2007; 

Takounjou et al., 2011; Barron et al., 2012). The difficulty arise in which methods will 

provided a reliable recharge estimation as various factors will affected such as spatial and 

temporal variability, climate, soil and geology, surface topography, hydrology, vegetation 

and land use. These factors need to be considered when choosing a method for quantifying 

groundwater recharge rate (Simmers, 1997; Scanlon et al., 2002; Dripps & Bradbury, 

2007; Barron et al., 2012).  

 

Lerner et al. (1990) have simplified the methods according to the sources of recharge 

and Scanlon et al. (2002) classified groundwater recharge based on hydrological zones of 

surface water, unsaturated zone, and saturated zone. These zones are further classified 

into physical, tracer and numerical modelling methods. Healy (2010), in his book 

compiled the methods that provides critical evaluation or understanding of the theory and 

assumption that underlies each method for estimating groundwater recharge in various 

hydrologic zones and climates. A good practice is to match the recharge estimation 

methods with the conceptual models of recharge processes at individual site to ensure that 

the assumptions underlying the methods are consistent with the conceptual models. Thus, 

this practice will guided hydrogeologists in decision-making on the methods selection 

and application of the methods based on the conceptual models.  
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Table 2.1 simplified and updated the methods for estimating groundwater recharge 

according to climates and hydrologic zone from Gebremeskel (2015) as guideline 

information. The most reliable method to estimate groundwater recharge is lysimeter. 

Lysimeter is known as a direct method as it provides direct point measurement of recharge 

compared to other indirect methods. Here, the review as described in section 2.3.1 to 2.3.4 

will emphasise on the methods that will be applied in this study by using chloride mass 

balance (CMB), water table fluctuation (WTF), temperature-depth profiles (TDP) and 

groundwater modelling (GM). The methodology of all methods are briefly discussed in 

detail in Chapter 3. 

 

 Chloride Mass Balance (CMB) 

Estimation of groundwater recharge using the chloride mass balance (CMB) method 

has been studied because of its simplicity and inexpensiveness. Chloride ion is known as 

a conservative natural tracer because its property, which neither leaches from, nor is 

absorbed by the sediment particles, is highly soluble (high solubility) in water, and is 

rarely found in solid phase. It does not react with geochemical or biochemical reaction 

process during its movements through an unsaturated zone to at saturated zone and is not 

taken up by plants (root zones) during evapotranspiration process that will contibutes to 

an accumulation chloride in soil moisture (Ting et al., 1998; Carrier et al., 2008; Scanlon 

et al., 2009; Healy, 2010). Thus, chloride ion is suitable to be applied for understanding 

the hydrological system and capable to provide more precise results (Gaye & Edmunds, 

1996). 

 

The atmospheric deposition of chloride were varied temporally and spatially (Crosbie 

et al., 2010; Guan et al., 2010; Alcala & Custodio, 2015). The primary source of 

atmospheric chloride was through evaporation process of ocean water (Healy, 2010). Sea  
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Table 2.1: Recharge estimation method according to climate and hydrological zone 

[modified after Gebremeskel (2015)] 

Hydrologic 

zone 

Groundwater recharge estimation method 

Arid and semiarid climate Humid climate 

Surface 

water 

Channel water budget 

Seepage meters 

Dracy’s law 

Heat tracers 

Chemical and Isotopic tracers 

(Cl, 3H, 226Rn) 

Watershed modelling 

Streamflow duration curves 

Streamflow hydrograph analysis 

Channel water budget 

Seepage meters 

 

Heat tracers 

Chemical and Isotopic tracers (Cl, 
3H, 222Rn) 

Watershed modelling 

Streamflow duration curves 

Streamflow hydrograph analysis 

Unsaturated 

zone 

Lysimeters (direct measurement) 

Zero-flux plane 

Dracy’s law 

Soil-water content 

Pressure head  

Water budget 

Tracers [environmental (Br, Cl, 
36Cl, 3H) historical (36Cl, 3H/3He, 
129I, CFCs, SF6)] 

Heat tracers 

Numerical modelling 

Lysimeters (direct measurement) 

Zero-flux plane 

Dracy’s law 

Soil-water content 

Pressure head  

Water budget 

Tracers [environmental (Br, Cl, 
36Cl, 3H) historical (36Cl, 3H/3He, 
129I, CFCs, SF6)] 

Heat tracers 

Numerical modelling 

Saturated 

zone 

 

 

Tracers [historical (CFCs, 
3H/3He) environmental (Cl, 14C)] 

Heat tracers 

Numerical modelling 

Water budget 

Water table fluctuations 

Darcy’s Law  

Tracers [historical (CFCs, 3H, 

3H/3He)] 

Heat tracers 

Numerical modelling 

Water budget 
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salt aerosols bring about 10% of the total chloride to the continent and able to deposit it 

within 100 km from the coastal area (Eriksson, 1959, 1960) cited in (Guan et al., 2010). 

The chloride deposition onto land surface are carried out by two mechanisms of dry and 

wet deposition (Healy, 2010). The dry deposition is where the chloride ions are attached 

to the dust particles while the wet deposition is where the chloride ions are entrained in 

rainwater or snow. The concentration of atmospheric chloride is greater near the ocean 

land margin and decreasing towards inland ranging from 200 mg/L to 0.02 mg/L (Feth, 

1981). Chloride concentration deposited on land surface is contributed by the rainfall 

amount, distance from coast and wind (Hutton, 1976; Keywood et al., 1997).  

 

Bresciani et al. (2014) identified that open field atmospheric chloride deposition at 

Uley South was decreased less 10 km from the coastal. This reduction is caused by dry 

chloride deposition and not the decrease in rainfall amount or rainfall concentration. Deng 

et al. (2013) enhanced the quantification of chloride input to the land surface at coastal 

forest South Australia to increase the accuracy of CMB method. Chloride input was 

quantified traditionally in open field using bulk precipitation but there is question in it 

applications in forest catchment. Studies by Lovett et al. (1996); Moreno et al. (2001); 

Staelens (2006) have indicated that chloride deposition was enhanced by tree canopies 

around 50% to 75% in the coastal area. The results indicated that chloride deposition was 

significantly higher than open field by 28% enhancement at the eucalyptus site and 89% 

at the pine site. The enhancement value of 95% for shrubs, 145% for mallees and 1125% 

for she-oaks as measured by Bresciani et al. (2014) where vegetation cover almost 80% 

of Uley South. Underestimation of groundwater recharge if effect of enhancement were 

neglected in the CMB application.  
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The chloride concentration in the subsurface (unsaturated or saturated zone) is either 

by infiltrating rainfall, anthropogenic sources, dissolution of chloride minerals from soils 

or dissolution of entrapped sea water during the sea level changes. Water containing 

chloride infiltrates into the soil zone will be lost through transpiration by plants and 

evaporation leaving the residual chloride in the soil water. Thus, the concentration of 

chloride is proportional to the amount of water removed. Below the root zone, chloride 

signature transported into the water table. In humid regions, with high downward water 

fluxes, the chloride concentration is relatively constant below the root zone. In contrast 

to arid zones with low water fluxes, the chloride concentration below the root zone will 

be balanced by the downward moving chloride in the soil water against any diffusive flux 

across the unsaturated/saturated boundary (Herczeg & Love, 2007). 

 

Early studies using chloride to estimate groundwater recharge were by Eriksson and 

Khunakasem (1969) at the Coastal Plain aquifer of Israel, Eriksson (1976) in the Delhi 

region of India followed by Allison and Hughes (1978) at Gambier Plain of Australia. 

Since then, application of CMB method in groundwater recharge studies has spread 

globally because this method enable to apply either in unsaturated zone or saturated zone 

(Scanlon et al., 1997; Herczeg & Edmunds, 2000). This method is the simplest as it 

utilises mass balance and less expensive (Allison et al., 1994; Edmunds et al., 2002) 

therefore suitable for hydrological processes study. The CMB was based on the ratio 

between chloride concentration at atmospheric and subsurface with the rainfall in that 

area.  

 

CMB method was successfully applied in, e.g. Asia (Bazuhair & Wood, 1996; Ting et 

al., 1998; Sukhija et al., 2003; Subyani, 2004; Liu et al., 2009; Marei et al., 2010; Huang 

& Pang, 2011; Yin et al., 2011b; Yuan et al., 2011a; Huang et al., 2013; Atiaa et al., 
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2014; Huang et al., 2016; Huang et al., 2017; Li et al., 2017; Tesfaldet et al., 2019), 

America (Scanlon, 1991; Wood & Sanford, 1995; Murphy et al., 1996; Nolan et al., 2007; 

Manna et al., 2016; Niazi et al., 2017; Pavlovskii et al., 2019), Africa (Edmunds et al., 

1988; Bromley et al., 1997; Dassi, 2010; Takounjou et al., 2011; Diouf et al., 2012; Stone 

& Edmunds, 2012; Mensah et al., 2014; Afrifa et al., 2017; El Mekki et al., 2017; Lwimbo 

et al., 2019; Ifediegwu, 2020), Europe (Lo Russo et al., 2003; Alcala & Custodio, 2014; 

Marrero-Diaz et al., 2015; Hornero et al., 2016) and Australia (Allison & Hughes, 1978; 

Guan et al., 2010; Ordens et al., 2012; Deng et al., 2013; Bresciani et al., 2014; Somaratne 

& Smettem, 2014; Suckow et al., 2020) in various hydrological setting such as hard rock 

aquifer, karst, volcanic, mountain, wadi, arroyos, loess and quaternary aquifer. Most of 

the studies mentioned above were applied in the arid and semi-arid regions as reviewed 

by Scanlon et al. (2006) while less in the humid and sub-humid regions.  

 

Scanlon et al. (2006) reviewed the global synthesis of groundwater recharge in arid 

and semi-arid regions and have indicated that the CMB was widely used to estimate 

groundwater recharge compared to other methods (e.g. water balance; unsaturated model; 

water level fluctuation; tracers). For example, in Australia more than half of the recharge 

estimation cases were conducted using CMB method (Deng et al., 2013). These regions 

received less rainfall, high evapotranspiration and deep water tables, thus groundwater 

was more vital and application of other methods acquired field parameters is challenging 

especially during the dry season (Mutoti, 2015) compared to CMB. Precaution in 

measurements was important where recharge rates were low ranges from 0.2 mm/yr to 35 

mm/yr (Scanlon et al., 2006) and relatively accurate (Allison et al., 1994; Subyani & Sen, 

2006) in arid and semi-arid.  
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In contrast, less studies on CMB method were found at tropical humid and sub-humid 

regions with high rainfall and shallow water tables where groundwater is usually 

discharged through evapotranspiration and baseflow to the rivers. The groundwater 

recharge estimated in these regions ranges from 108 mm/yr to 1172 mm/yr accounting 

7% to 47% of the annual rainfall (Ting et al., 1998; Lo Russo et al., 2003; Takounjou et 

al., 2011; Mensah et al., 2014; Lwimbo et al., 2019; Tesfaldet et al., 2019; Lu et al., 

2020).  

 

Rapid economic growth at Pingtung Plain, Taiwan has caused over pumping and 

reduced the hydraulic heads in aquifer which affected the coastal and agriculture area 

(Ting et al., 1998). CMB was estimated at four sites with bare or sparsely vegetated land 

with and without irrigation. The estimated recharge was 15% of the annual precipitation 

excluding recharge from additional irrigation water. The recharge was unevenly 

distributed within the Pingtung Plain. They suggested a careful determination of chloride 

inputs at different agricultural fields from irrigation water, pesticides, and fertilizers. The 

sites should be chosen on soils with different texture in sections that are parallel to the 

prevailing flowlines, preferably in uniform, non-polluted areas unaffected by brackish-

water influences. Lo Russo et al. (2003) evaluated annual groundwater recharge in the 

alluvial Po Plain, Italy. The maize cropped area has high input anthropogenic chloride 

compared to natural sources. The annual recharge estimated using steady-state chloride 

concentration profiles was 205 mm/yr compared to 216 mm/yr using approximate 

diffusive movement equation. They successfully indicated that chloride method can be 

applied onto not only natural environments but also to cultivated area by considering the 

anthropogenic input and output (fertilizer and irrigation) as well as yield removal by crops 

and knowing the fertilizer addition as well atmospheric deposition rates as assumed to be 

steady.  
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The first hydroclimate record of 1007 years with two year sampling resolution was 

successfully reconstructed by Lu et al. (2020) using 95 mm unsaturated zone (USZ) 

chloride profile for sub humid area. The minimal recharge uncertainty is 16% over a 10 

years time scale.The reconstructed hydroclimate record from the semi-humid region has 

a higher resolution than that of the arid zones, likely because the semi-humid, fine-grained 

thick USZ, possesses higher velocity piston flow, relatively to diffusion and dispersion 

of Cl signals. The record compared well with other related records, suggesting that the Cl 

proxy can be used in sub-humid areas, and is sensitive to wet/dry alternations that are 

largely driven by the Asian monsoon intensity. This study can play a role in deepening 

the cognition of the hydrological processes in the USZ and regional hydroclimate history, 

along with promoting the development of hydropedology and global change science. 

 

In tropical humid area, Takounjou et al. (2011) has estimated the groundwater recharge 

from shallow aquifer at Anga’a river watershed, Cameroon. The estimated recharge from 

CMB ranges from 16.24 mm/yr to 236.95 mm/yr with mean of 108.45 mm/yr which 

represents 7% of mean annual rainfall. This value is high compared to hybrid WTF of 

87.14 mm/yr which represents 5.7% of annual rainfall. They concluded that high 

discrepancy obtained between CMB and WTF imply the ineffectiveness of the CMB on 

their forested and humid environment. CMB was applied in shallow aquifer at 

Thepkasattri, Phuket, Thailand by Tesfaldet et al. (2019). The recharge varied from 443 

mm/yr to 1439 mm/yer with mean of 1172 mm/yr, represent 47% of annual rainfall. The 

spatial prediction of recharge estimation shows that the eastern and western catchments 

have higher recharge, while the central and southwest parts of the study area were 

represented by average and low recharge. They also found out that the spatial distribution 

of recharge was related to land use and land cover. 
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Wood and Sanford (1995) have applied the CMB technique by Eriksson and 

Khunakasem (1969) in their studies at Southern High Plains aquifer by putting some 

assumptions in the analysis as recharge in arid and semi-arid was very heterogenous in 

time and space. The regional groundwater recharge to the aquifer has yielded an 

approximately 11 mm/yr (2% of annual rainfall) and this result was comparable with the 

physical approach from previous researchers. Their studies also combined with stable 

isotopes and tritium in both groundwater and unsaturated zone where spatial and temporal 

distribution of recharge has indicated that nearly half of the recharge to the Southern High 

Plains has occurred as piston flow through playa basin floor and macropore recharge 

might be important in the remaining recharge. 

 

Manna et al. (2016) expanded the CMB equation by considering the chloride from 

surface runoff to calculate the groundwater recharge as studied by Aishlin and McNamara 

(2011) because neglecting any effect of runoff may lead to overestimation of recharge 

values. The evaluated groundwater samples (in total 1490) either have anthropogenic 

input sources by using Cl/Br ratio as it is widely used by Alcalá and Custodio (2008) and 

TCE before calculating the CMB. The estimated mean annual recharge is 19 mm (4.2% 

of mean precipitation 450 mm) which is similar with other studies in sandstone aquifer 

of semi-arid regions: Edmunds et al. (1988) estimated a recharge variable between 2.5 

and 4% of the total precipitation in Sudan; Sami and Hughes (1996) estimate 4.5 mm of 

annual recharge on a mean annual rainfall of 460 mm in South-Africa and Heilweil et al. 

(2009a) estimate a recharge for a sandstone aquifer in the Sand Hollow Basin (Utah, US) 

to be equal to the 4% of precipitation. Scanlon et al. (2006) have compiled the results of 

numerous recharge studies in semi-arid regions and have concluded that recharge varies 

from 0.1% to 5% of the annual precipitation. 
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 Water Table Fluctuation (WTF) 

Water table fluctuation (WTF) method as reviewed by Healy and Cook (2002) has 

been used since 1920s (Meinzer, 1923; Meinzer & Stearns, 1929). Since then, WTF has 

been applied by many researchers (Rasmussen & Andreasen, 1959; Gerhart, 1986; Rai et 

al., 1994; Moon et al., 2004; Crosbie et al., 2005; Delin et al., 2007; Obuobie et al., 2012; 

Jassas & Merkel, 2014; Crosbie et al., 2015; Yang et al., 2018; Hall et al., 2020; Şimşek 

et al., 2020) within different climate conditions.  

 

The application of WTF method requires the knowledge of specific yield and changes 

in groundwater levels caused by recharging aquifer (Healy & Cook, 2002; Healy, 2010). 

Because of the abundance of available groundwater level data and the simplicity of 

estimating recharge rates from temporal or spatial patterns of water level (Healy & Cook, 

2002) had attributed a wide used of this method. The WTF method is best applied in 

estimating recharge over a short time period in area with shallow unconfined aquifer that 

shows sharp rise and fall of groundwater levels (Healy & Cook, 2002; Scanlon et al., 

2002; Moon et al., 2004) due to rainfall event. 

 

This method is simple, easy to use and there is no assumption made on the mechanism 

of water movement through the unsaturated zone. The occurrence of preferential flow 

path does not limit the application and the estimated recharge rates are able to represent 

an area of several to thousand square meters. The recharge estimate using WTF method 

gives the actual value and it is more reliable compared to potential recharge estimation 

by other methods (Obuobie et al., 2012). Many approaches for WTF have been studied 

and modified in time series analysis for estimating groundwater recharge because of its 

simplicity (Moon et al., 2004; Crosbie et al., 2005; Lee et al., 2005; Park & Parker, 2008; 

Cuthbert, 2010; Ghanbari & Bravo, 2011; Jie et al., 2011; Park, 2012; Varni, 2013; Cai 
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& Ofterdinger, 2016; Chae et al., 2016; Izady et al., 2017; Hung Vu & Merkel, 2019; 

Labrecque et al., 2020) and to improve the accuracy of the estimation of results from 

underestimated or overestimated of recharge estimation.  

 

In unconfined aquifer, the water table fluctuation is not necessarily resulted from 

recharge process but also can be induced by the evapotranspiration, atmospheric pressure, 

entrapped air (Lisse effect), pumping wells, tides and surface loads as described in Healy 

(2010). Shallow water tables may exhibit diurnal fluctuations in which there is declining 

during daylight hours in response to evapotranspiration and rising through the night when 

evapotranspiration of groundwater is zero. The changes in atmospheric pressure can cause 

the fluctuation of water tables to be around 10 mm because pressure is transmitted rapidly 

through open water well than through the sediments overlying the aquifer.  

 

Infiltrating rainwater can trap air in the unconfined aquifer that can gives false 

impression of recharge (Nachabe et al., 2004; Fan et al., 2014). This condition is more 

prevalent in fine soil texture when surface soils become saturated and impermeable to air. 

The trapped air will potentially reduced the water storage capacity, causing less water to 

rise at the same water table relatively without the entrapped air effects. This phenomenon 

is known as the Lisse effect (Krul & Liefrinck, 1946). This effect usually affects an area 

where the difference between water table and ground surface is less than 1.0-1.3 m 

(Weeks, 2002; Crosbie et al., 2005). In coastal sandy environment, the Lisse effect can 

be considered minimal (Healy & Cook, 2002; Crosbie et al., 2005). Pumping of wells 

induced changes in surface water elevation in which can greatly affect groundwater 

levels. Ocean tides and changes in groundwater flow in or out also can affect the water 

table fluctuation.  
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In the fractured rock aquifer, the use of WTF method are more challenging compared 

to unconfined aquifer (Healy & Cook, 2002). Fracture aquifer usually serve as primary 

conduits for water movement both in laterally and vertically which account for small 

percentage of total storage available in the aquifer. Recharge to low porosity is often 

characterized by large variation in groundwater levels. The low permeability will require 

more time to fill and drain the aquifer. Some fracture aquifers will have deep water table 

that only display seasonal fluctuation. This could provide a poor record of water level 

variations within the aquifer itself. The measurement of groundwater level in the 

observation well can represent an area for at least several ten square meters. Therefore, 

WTF method can be viewed as an integrated approach and to the lesser extent as a point 

measurement compared to a method based on strictly local data in the unsaturated zone 

(Izady et al., 2017). 

 

Specific yield (Sy) is an important parameter in WTF approach-based method in 

recharge estimations. It is a ratio of the volume of water in which after saturated it will 

be yielded by gravity to its own volume (Meinzer, 1923) and treated as a storage term. In 

fact, Sy is not just a function of porous media but also depth to water table, drainage 

duration, and antecedent moisture conditions among other variables (Shah & Ross, 2009). 

The selection of appropriate values of Sy in WTF method remains puzzling and difficult 

even with carefully planning in both laboratory or field (Healy, 2010). Crosbie et al. 

(2020) has implemented a depth dependent specific yield (Sy) within WTF method with 

the Sy estimated jointly constrained by chloride mass balance (CMB) and water balance 

using evapotranspiration (ET). Sy was treated as a conceptual parameter that cannot be 

measured and has been constrained by using a rejection sampling approach using 

probabilistic estimates of net recharge from the CMB method and excess water derived 

from the difference between precipitation and remotely sensed actual evapotranspiration. 
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The method developed has provided probabilistic estimates of the ultimate specific yield 

and a probabilistic time series of gross recharge, both important in shallow water table 

environments. This jointly constraining the three different recharge types were assured of 

being internally consistent The method was demonstrated using four catchments in 

Northern Australia (58 bores) and has shown that Sy of the Cretaceous sediments is 

comparable to the consolidated rock and the alluvium has a higher Sy. The uncertainties 

in the Sy and the long term average recharge as expressed as the difference between the 

5th and 95th percentiles is closed to the magnitude of the median estimates of the Sy and 

recharge. 

 

 Some of the limitations (Healy, 2010) when using WTF are: i) recharge rates may 

vary substantially within a watershed because of differences in elevation, geology, land-

surface slope, vegetation, and other factors (Lee et al., 2005), ii) data from multiple wells 

should be used to ensure that recharge estimates are representative of the catchment as a 

whole, iii) in the WTF method, recharge is assumed to occur as discrete events in time, 

in direct contrast to methods, such as the unit hydraulic gradient method, in which a steady 

recharge rate is assumed. If the recharge rate to an aquifer was constant and equal to the 

drainage rate away from the aquifer, the groundwater levels would not change, and the 

WTF method would estimate a recharge rate of zero, iv) difficulties in estimating specific 

yield also contribute to the overall uncertainties of the method, v) the frequency with 

which water levels are measured can affect recharge estimates. 

 

 Temperature-Depth Profiles (TDP) 

Review on temperature (heat) as a signature in environmental tracer have been written 

wisely (Anderson, 2005; Constantz, 2008; Saar, 2011; Rau et al., 2014; Ren et al., 2018; 

Kurylyk et al., 2019). Research on the usage of temperature started a way back in the 
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1960s (Suzuki, 1960; Bredehoeft & Papadopulos, 1965; Stallman, 1965). Since then, 

number of studies has increased in the application of temperature to study groundwater-

surface interaction within the streambed (Constantz, 1998; Constantz et al., 2003; Bense 

& Kooi, 2004; Hatch et al., 2006; Calvache et al., 2011; Saar, 2011; Kumar et al., 2012; 

Luce et al., 2013; Rau et al., 2014; Glose et al., 2019), climate (past and future) and land 

use (deforestation/urbanization) changes (Gosnold et al., 1997; Harris & Gosnold, 1999; 

Taniguchi et al., 1999a; Taniguchi et al., 1999b; Uchida et al., 2003; Ferguson & 

Woodbury, 2004, 2005; Miyakoshi et al., 2005; Taniguchi & Uemura, 2005; Uchida & 

Hayashi, 2005; Gunawardhana & Kazama, 2012; Colombani et al., 2016; Irvine et al., 

2017; Dong et al., 2018) and groundwater flow (recharge and discharge) (Cartwright, 

1970; Sakura, 1993; Taniguchi, 1993; Dapaah-Siakwan & Kayane, 1995; Taniguchi et 

al., 1999b; Taniguchi, 2002; Taniguchi et al., 2003b; Ferguson & Woodbury, 2005; 

Majumder et al., 2013; Kurylyk et al., 2017; Li et al., 2019a). 

 

The heat flow in subsurface is closely related with the movement of water (Ingebritsen 

et al., 2006) because groundwater transports the thermal energy and disturbs subsurface 

thermal regime not only by conduction but also by advection caused by the groundwater 

movement (Taniguchi, 1993). By lowering the temperature probe down into a borehole, 

groundwater temperature can easily be measured although precaution must be taken to 

assure that the recorded temperature is representative the water in the aquifer and not 

influenced by the movement of water in the borehole (Anderson, 2005). Various 

analytical solutions such as 1-dimensional (1D), 2-dimensional (2D) and 3-dimensional 

(3D) and groundwater modelling are applied and improved to examine the behaviour of 

this subsurface temperature profiles (Bredehoeft & Papadopulos, 1965; Taniguchi, 1993; 

Shan & Bodvarsson, 2004; Colombani et al., 2016; Irvine et al., 2017; Kurylyk et al., 

2017).  
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Bredehoeft and Papadopulos (1965) asserted that analytical solution has often been 

used to estimate vertical fluxes in aquifers e.g. (Stallman, 1965; Cartwright, 1970; Lu & 

Ge, 1996; Ferguson et al., 2003). The type curves estimate 1-dimensional (1D) 

groundwater fluxes based on a steady state heat conduction-advection equation. Another 

1D analytical solution of transient heat and steady water flow is proposed by Carslaw and 

Jaeger (1959). This analytical solution was applied by (Taniguchi et al., 1999a; Taniguchi 

et al., 1999b; Taniguchi, 2002; Taniguchi et al., 2003a; Majumder et al., 2011; Majumder 

et al., 2013) to analyse the vertical fluxes based on the temperature-depth (T-z) profiles. 

2D subsurface thermal regime with groundwater flow was studied by Domenico and 

Palciauskus (1973). Their type curves show that temperature-depth profiles with 

downward water fluxes are concave (recharge area) while with upward fluxes are convex 

(discharge area) and the undisturbed thermal gradient would be constant without vertical 

fluxes as shown in Figure 2.5. Taniguchi et al. (1999a) illustrated that the thermal regime 

in vertical 2D cross section under both effects of surface warming and regional 

groundwater flow (e and f). 

 

Lu and Ge (1996) extended the Bredehoeft and Papadopulos (1965) theory by 

including the horizontal heat and fluid flow in the horizontal direction in the semi-

confining layer of aquifer. Results showed that the horizontal heat and fluid flow have a 

negligible effect on the vertical temperature distribution (less than 10% of vertical) but 

became apparent near recharge and discharge area (>30% of vertical). The effect is largest 

if vertical leakage rate is high.  

 

Taniguchi et al. (1999a) studied on vertical groundwater fluxes under the condition of 

a linear in surface temperature of 2.5 C during the past 100 years at Tokyo metropolitan 

area. The subsurface thermal regime is represented by different vertical groundwater  
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Figure 2.5: Schematic diagrams of the groundwater flow system and subsurface thermal 

regime under the condition of (a) and (b) no groundwater flow, (c) and (d) regional 

groundwater flow and (e) and (f) regional groundwater flow with surface warming. [from 

Taniguchi et al. (1999a)] use with journal permission 

 

fluxes (0.37 to 0.67 m/yr and -0.4 to -0.6 m/yr) which indicates that thermal regime under 

the surface warming is mostly reflected by the regional groundwater flow system. 

Taniguchi et al. (2003a) had evaluated the groundwater flow system at Kumamoto Plain 

in combined with surface warming effect using the T-z profiles. Subsurface temperature 
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increased during the last 15 years due to surface warming in the recharge area (mountain 

area with downward groundwater fluxes) and decreased in the discharge area (flat plain 

in western part with upward groundwater fluxes) because of decreasing in groundwater 

flow and recharge rates. 

 

Majumder et al. (2013) revealed the existence of shallow and deep groundwater flow 

system at Bengal Delta aquifers using the observed-calculated T-z profile. The wells in 

the northern area are recharge type while southern area are discharge type wells. 2D cross 

section shows that shallow groundwater temperature in discharge area is higher than the 

northern recharge area. Shallow wells have recharged ranging from 0.04 to 1.35 m/yr and 

discharge ranging from -0.2 to -0.79 m/yr while deep wells give recharge from 0.05 to 

0.16 m/yr and discharge of -0.15 m/yr, respectively.  

 

 Groundwater Modelling (GM) 

The groundwater flow model has been widely used as a useful tool for professional 

hydrogeologists to solve the governing partial differential equations of groundwater flow, 

salute transport and heat transport processes for the past three decades (Sudhakar et al., 

2016; Hariharan & Uma Shankar, 2017; Pathak et al., 2018; Panda & Narasimham, 2020). 

The groundwater flow system is numerically solved by applying the finite different 

method or finite element method. The modular finite-different flow model (MODFLOW) 

established by the United States Geological Survey (USGS) (McDonald & Harbaugh, 

1988). The modular packages (boundary conditions and solution methods) are frequently 

updated and newly added to improve numerical simulation results unsaturated-saturated 

flow processes of aquifer system. Moreover, MODFLOW components are widely 

recognized by academicians and consulting firms around the world and it is easy to set 
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up the pre- and post-process files. Like, Visual MODFLOW, the license is affordable for 

academic purposes.  

 

However, Visual MODFLOW has a limitation to simulate complex geological 

features, inclined faults, and significant hydraulic gradients during rewetting or drying 

conditions. On the other hand, the finite element flow model, e.g. Finite Element 

subsurface FLOW System (FEFLOW) from the Institute of Water and Environment 

(DHI), numerically integrates complex geological structures and is able to handle the 

rewetting or drying cells. Much budget is required to afford the FEFLOW license, and it 

takes a long time to comprehend the application features and set up the conceptual model.  

 

The available groundwater model softwares are Visual MODFLOW (Waterloo 

Hydrogeologic Inc.), (FEFLOW) by DHI, Groundwater Modelling Software (GMS) by 

Aquaveo, MIKE-SHE by DHI, SEAWAT by USGS, Groundwater Vistas by 

Environmental Simulations Inc. and others. The application of  groundwater flow models 

have been used: (1) as interpretative tools for investigating groundwater system dynamics 

and understanding the flow patterns; (2) as simulation tools for analyzing responses of 

the groundwater system to stresses; (3) as assessment tools for evaluating recharge, 

discharge and aquifer storage processes, and for quantifying sustainable yield; (4) as 

predictive tools for predicting future conditions or impacts of human activities; (5) as 

supporting tools for planning field data collection and designing practical solutions; (6) 

as screening tools for evaluating groundwater development scenarios; (7) as management 

tools for assessing alternative polices; and (8) as visualization tools for communicating 

key messages to public and decision-makers (Zhou & Li, 2011).  
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Vishal et al. (2014) had successfully predicted the groundwater recharge using visual 

MODFLOW for National Capital Territory (NCT), Delhi. They divided the NCT into 9 

zones for estimation of groundwater recharge. The variation of recharge zones is reflected 

to the diversity in geology and urbanization that influenced the overall recharge in the 

study area. Chen et al. (2013) applied MODFLOW and MODPATH to qualify the effects 

after a recharge area was polluted at the Choshuihsi Alluvial Fan. Contamination was 

distributed on the surface of shallow aquifer inside the recharge area. Results indicate that 

parts of particles flow into deep aquifer and parts of them flow into the distal-fan for 200 

years simulation. Second aquifer was polluted the most because recharge to this aquifer 

is reliant on the lateral recharge from recharge area. The same goes for the third aquifer.  

 

MODFLOW was used to evaluate the effect of the upland field on the groundwater 

recharge at Izena Island, Japan (Yuge et al., 2005). The simulation results indicated that 

groundwater storage, when all forests are converted into the upland field, is larger than 

the groundwater storage under the present condition of land use. This result showed that 

the irrigation water in the upland field contributes to the ground water recharge and the 

water loss by the rainfall runoff and the evapotranspiration at the upland field is less than 

amount of the forest.  

 

WetSpass and MODFLOW was successfully achieved to quantify the groundwater 

recharge in multilayer aquifer at northeastern Tunisia. Simulated spatial distribution of 

the groundwater recharge indicated that areas with low slope and with vegetation cover 

are characterized by high groundwater recharge (Ghouili et al., 2017). Groundwater 

recharge and groundwater potential zones were successfully estimated using an integrated 

MIKE 11 and MIKE SHE models in the Mhinga, South Africa (Shamuyarira, 2017). The 

estimated recharge was very low around 0.42% of mean annual precipitation. The 
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groundwater potential maps produced indicated that Mhinga is predominantly covered by 

regions with very low and low groundwater potentials which associated with type of 

geology.  

 

To understand the importance of recharge areas, the development of recharge function 

as well as impact assessment of climate change on groundwater recharge were applied 

using the groundwater model (MODFLOW) and Global Climate model (GCM) in Ho Chi 

Minh City area (Ha & Koontanakulvong, 2015). The GCM was used to study the impact 

of climate change to groundwater recharge while MODFLOW was applied to estimate 

historical recharge as well as to simulate the groundwater flow under the impacts of 

climate change. The projected recharge shows that recharge will decrease in 2030s and 

increase again in the far future.  

 

Yidana (2011) used MODFLOW incorporated in the GMS (Groundwater Modelling 

System) to build and calibrate a steady-state groundwater flow model for the Voltanian 

aquifer which consists of 5 different hydrostratigraphic units. The hydraulic conductivity 

and recharge were successfully calibrated even though the paucity of the data of these 

two parameters are critical.  

 

Inverse modelling using numerical groundwater flow models is an alternative method 

of recharge estimation. This involves the inference of recharge through calibration or 

“history matching” (i.e., minimizing the discrepancy between field observations and 

corresponding model-generated outputs). The application of groundwater models in this 

context is appealing because of their ability to account for important nonlinear 

interactions between recharge, discharge, evapotranspiration and changes in groundwater 

storage (Sanford, 2002). Very few studies have been conducted on quantifying the 
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contribution of different sources of recharge, including both natural and artificial recharge 

systems (Vazquez-Sune et al., 2010) 

 

Fu et al. (2018) created a forecast model on Visual MODFLOW and coupled with the 

established hydrogeological model using the groundwater management (GWM) process 

to evaluate the maximum exploitation potential of karst groundwater Yangzhuang Basin, 

China. The recharge enchancement measures were greening area and retaining dam 

construction. Their models show that the exploitation volume calculated by the non-

stationary future precipitation series outperforms that by the historical precipitation series 

in prediction accuracy; the allowable exploitation volume should be determined as 

258,000 m3/d. By the most conservative estimate, the groundwater exploitation volume 

of the groundwater source fields can be maximized at 243,500 m3/d. 

 

2.4 Summary  

In-depth literature review findings are summarised below: 

a) Groundwater recharge is a main compenant of subsurface water system in the 

hydrologic cycle 

b) Knowledge on groundwater recharge mechanism is crucial to understand the 

recharge sources, recharge flow path and and recharge rate to implement 

sustainable groundwater resources management in the basin for now and future 

needs 

c) Literature focus on stable isotope of deutrium and oxygen-18, tritium, radon and 

hydrogeochemical as a method to understand the recharge flow by identifying the 

recharge source and process, grondwater age, water residence time, surface water-

groundwater interaction and aquifer-aquifer interaction within the basin 
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d) Literature focus on CMB, WTF, TDP and GM(WB) methods as a suitability 

method used to quantify the recharge rate in the humid tropical area 

e) Through the literature reviews related to (c) and (d), very few research studies on 

groundwater recharge mechanism in the country located at humid tropical area 

compared to the arid area. 
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CHAPTER 3: RESEARCH METHODOLOGY 

3.1 Introduction 

This chapter will describe the research materials and methodology used to answer the 

research objectives. This research begins with a desk study which includes searching and 

summarizing the related research literature reviews on groundwater recharge source, flow 

and rate, study area, data compilation related to meteorology, geology, hydrology and 

hydrogeology and converting data into ArcGIS database. All data were received with the 

permission from Air Kelantan Sdn. Bhd. (AKSB), Department of Mineral and Geoscience 

Malaysia (MGD), Department of Irrigation and Drainage Malaysia (DID), Malaysian 

Meteorological Department (MMD), Department of Agriculture (DOA) and registered 

with Global Network of Isotopes in Precipitation (GNIP) database as listed in Table 3.1 

 

This was followed by a series of fieldworks to collect the water samples of rainwater, 

river water, groundwater and soil samples including field test measurement on selected 

parameters. Then, samples would be analysed accordingly depending on the research 

objectives. After completing the samples analysis, all results will be further analysed, 

visualised and interpreted using simple statistics and equations related to the methods 

used and related softwares. The expected output at the end of the research studies are able 

to help understanding the groundwater flow process, assess the groundwater recharge rate 

and construct a conceptual model of groundwater recharge for LKRB. The simplified 

research outline is shown in Figure 3.1. 
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Table 3.1: List of agency and type of data provided 

Agency Type of Data 

AKSB Information production wells design and groundwater abstraction rates  

DID Rainfall, river discharge, river stage 

MMD Rainfall, relative humidity, mean temperature and evaporation 

MGD Hydrogeology, monitoring wells information of wells design, water 

level, hydrochemistry, hydraulic properties and related reports  

DOA Land use 

GNIP Tritium 

 

 
Figure 3.1: Research outline of groundwater recharge study 

 

3.2 Sampling Locations 

The sampling involved the collection of rainwater, surface water, groundwater and soil 

samples. Temporary rain gauge was installed at Kg. Puteh wellfield. The surface water 

sampling was taken from Kelantan River, Pengkalan Datu River, Kemasin River and Tok’ 

Uban Lake. Groundwater samples were sampling from Department of Mineral and 

Geoscience Malaysia (MGD) wells, Air Kelantan Sdn. Bhd. (AKSB) wells and dug wells 

[GM(WB)] 

Univ
ers

iti 
Mala

ya



 

52 
 

belong to local people. Soil samples were collected around Kota Bharu areas. The 

sampling campaign was carried out between 2012 to 2015 which included dry and wet 

seasons. Figure 3.2 shows the sampling location while Table 3.2 summarised the 

sampling locations and type of samples collected during the sampling campaign. 

 

 
Figure 3.2: Sampling location of rain, river, groundwater and soil samples 
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Table 3.2: Detail samples collected during sampling campaign 

Code Location X Y Depth (m) Aquifer Layer SI TH RN WC CMB WTF TDP 

  Rainfall 472532 676139            

SW1 Kelantan-Tmbtn Diraja 471441 678198          

SW2 Kelantan-Kelar 463244 666114          

SW3 Tok Uban 460175 657145          

SW4 Kemasin-Pnkln Baru(M2) 487447 672236          

SW5 Kemasin-Telok(M3) 488000 670733          

SW6 Pnkln Datu-Panchor(D2) 479964 678333          

SW7 Pnkln Datu-Binjai(D3) 478303 672111          

SW8 Kelantan - Pintu Geng(PTG) 470064 674682          

SW9 Kelantan - Tendong(TDG) 469835 670407          

SW10 Kelantan - Markasar(MKR) 467074 668385          

GW1 Kg. Puteh Wf (Well # 9) 472532 676139 14.88 L1        

GW2 Pintu Geng Wf (Well# 7) 471724 674352 13.7 L1        

GW3 Pintu Geng Wf (Well# 3) 471723 674352 13.72 L1        

GW4 Pintu Geng (KB49) 471550 674500 13.7 L1        

GW5 Ketereh  473254 658352 11.4 L1        
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Table 3.2, continued. 

Code Location X Y Depth (m) Aquifer Layer SI TH RN WC CMB WTF TDP 

GW6 Wakaf Bharu (Pw#2) 468526 676957 11.28 L1        

GW7 Wakaf Bharu (Pw#6) 468370 677064 16.46 L1        

GW8 Wakaf Bharu Pw8 468472 677006 15.06 L1        

GW9 Wakaf Bharu (Pw#9) 468357 677044 14.02 L1        

GW10 Kubang Kerian (Well#1) 476597 673406 15.5 L1        

GW11 Pasir Hor Pw5 474653 673232 22.56 L1        

GW12 Penyadap Pw5 474803 671889 20.78 L1        

GW13 Kubang Panjang (Dw) 460758 682495 5.0 L1        

GW14 Kg Teluk Dw1 488338 670711 2.49 L1        

GW15 Kedai Buloh Dw 473328 683670 5 L1        

GW16 Kg Pengkalan Baru Dw 487403 672177 1.55 L1        

GW17 Tanjung Mas Wf (KB10) 475174 678991 35 L2        

GW18 Kg. Chap, Bachok (Rw) 484132 668195 31.32 L2        

GW19 Pengekalan Chepa Wf (KB5) 478100 681700 30 L2        

GW20 Kenali (Well#2) 477322 673999 33.69 L2        

GW21 Seribong Pw4 475189 670706 36.27 L2        
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Table 3.2, continued. 

Code Location X Y Depth (m) Aquifer Layer SI TH RN WC CMB WTF TDP 

GW22 Pasir Tumboh Pw2 476793 670982 42.27 L2        

GW23 Beris Kubor KB 35 485700 671900 29.2 L2        

GW24 Kelar Pw1 463171 666389 44 L2        

GW25 Kg. Puteh Wf (Well # 3) 472524 676136 91.44 L3        

GW26 Tanjung Mas Wf (KB6) 475200 678900 42.68 L3        

GW27 Tanjung Mas Wf (PW#1) 475227 678959 79.27 L3        

GW28 Chicha Tm (PW#3) 477200 672191 91.44 L3        

GW29 Perol Wf (Well#3) 472469 666099 65.5 L3        

GW30 Pengekalan Chepa Wf (KB1) 478100 681700 114 L3        

GW31 Pengekalan Chepa Wf (KB4) 478100 681700 64 L3        

GW32 Kubang Kerian (KB25) 476400 673500 59.4 L3        

GW33 Beris Kubor (KB 31) 486188 671836 131.4 L3        

GW34 Jln Merbau (KB15) 472500 678300 66 L3        

GW35 Jln Merbau (KB18) 472500 678300 150 L3        

GW36 Kg Puteh -W1 472524 676137 91.44 L3        

GW37 KB24 486855 664739 9.4 L1        
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Table 3.2, continued. 

Code Location X Y Depth (m) Aquifer Layer SI TH RN WC CMB WTF TDP 

GW38 KB27 476400 673500 14.4 L1        

GW39 KB30 471743 674360 14.2 L1        

GW40 KB37 477203 674100 13 L1        

GW41 KB39 478943 672145 17 L1        

GW42 KB42 474711 673407 12 L1        

GW43 KB43 475126 670852 16.1 L1        

GW44 KB44 476599 671137 15.5 L1        

GW45 KB45 476453 672484 15 L1        

GW46 KB47 472300 673400 15 L1        

GW47 KB49 471792 674386 15 L1        

GW48 KB51 475894 678784 14.6 L1        

GW49 KB53 472048 675934 14.5 L1        

GW50 KB57 475211 678947 12 L1        

GW51 KB32 486188 671836 101.2 L3        

GW52 KB33 486188 671836 83.4 L3        

GW53 KB34 486188 671836 44.4 L2        
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Table 3.2, continued. 

Code Location X Y Depth (m) Aquifer Layer SI TH RN WC CMB WTF TDP 

GW54 KB2 478100 681700 91 L3        

GW55 KB3 478100 681700 73 L3        

GW56 KB17 472500 678300 88 L3        

GW57 KB38 477300 675800 17 L1        

GW58 KB40 480000 675900 21.3 L1        

GW59 KB41 474300 671500 18.2 L1        

GW60 KB46 473700 674100 15 L1        

GW61 KB48 471900 671100 18 L1        

GW62 KB52 477100 677500 23 L1        

GW63 KB54 471700 676600 15 L1        

GW64 KB55 470200 676900 13.5 L1        

GW65 KB59 471900 676200 12 L1        

GW66 KB60 471900 676200 14 L1        

GW67 KB61 478150 681700 8 L1        

GW68 KB68 478700 678300 15.5 L1        

GW69 KB69 474900 677400 10.5 L1        
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Table 3.2, continued. 

Code Location X Y Depth (m) Aquifer Layer SI TH RN WC CMB WTF TDP 

S1 Alor Pulai 488855 662175            

S2 Kg Chap 484105 668179            

S3 Beris Kubor 486182 671836            

S4 Pengkalan Chepa 478121 681483            

S5 Kubang Panjang 460527 682550            

S6 Bunut susu 465966 674647            

S7 Lati 458904 677573            

S8 Gelang Mas 458939 676969          

S9 Kedai Tanjung 454384 671459          

S10 Rantau Panjang 442823 665349          

SI: stables isotopes; TH: tritium; RN: radon; CMB:chloride mass balance; WTF:water level fluctuation; TDP:temperature depth profile 
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3.3 Sampling Methods 

Rainwater, surface water and groundwater were collected accordingly to the need of 

analysis at each sampling locations. Rainwater was collected using simple and temporary 

rain gauge of 25 L. Parffin oil used to prevent evaporation of rainwater. Surface water 

was taken using the bucket/von Dorn sampler at depth 6 to 10 cm below the water surface 

as in Figure 3.3. Groundwater from wells were purged with submersible pump by 

removing three volumes of water or until the electrical conductivity (EC) reading gives a 

constant value (Figure 3.4) to assure only representative samples were collected for 

further analysis in laboratory. The sampling techniques were performed according to the 

Victoria EPA (2009) and IAEA (2014) guidelines and also procedures in Hashemi et al. 

(2013). 

 

Stable isotopes sample was filled into a 30 mL dark glass bottle without air bubble and 

closed with an air tight cap as shown in Figure 3.2 (red cap dark glass bottle). Tritium 

sample was filled into a 1L polyethylene botte also without air bubble and closed with an 

air tight cap as shown in Figure 3.3 (white square bottle). Radon as in Figure 3.5 was 

measured on site and water sampling for radon was usually done with utmost care as there 

was possiblity of radon gas getting released from water under agitated condition (Najeeb 

et al., 2014).  

 

Soil samples were taken using hand auger (25 cm depth) and core boring (50 cm depth) 

samples as shown in Figure 3.6. All samples were taken up to water table of unsaturated 

zone. The samples from hand auger were sealed in polyethylene bags while the core 

samples were sealed using wax at the top and bottom of the cores to maintain the moisture. 

The collected water samples and soil samples were preserved, and stored accordingly to 
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the requirement for further analysis of stable isotopes (18O and 2H), tritium (3H), and 

radon (222Rn) and chloride (Cl).  

 

The subsurface wells temperatures of shallow and deep aquifer were measured by 

deploying the water level - temperature meter (RST, Germany) into the wells as shown 

in Figure 3.7. This meter has an accuracy of 0.01 oC and 0.01 m. The subsurface 

temperatures were measured and recorded at 1 m depth interval.  

 

 
Figure 3.3: Surface water sampling using von Dorn sampler and bucket 

 

 
Figure 3.4: Groundwater sampling (well purging followed by collecting water samples) 

Stable isotope 
samples 

Tritium 
samples 
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Figure 3.5: Radon measurement during sampling campaign 

 

 
Figure 3.6: Soil sampling using hand auger and core boring 

 

 
Figure 3.7: Temperature-depth measurement during sampling campaign 
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3.4 Samples Analysis 

Chloride concentration in rainwater measured at LRA Kg. Puteh laboratory and at the 

Department of Geology, University of Malaya using Ion Chromatography (Metrohm, 

Switzerland). 

 

Stable isotopes (SI) were determined using SERCON GEO 20-20 Continous Flow 

Isotope Ratio Mass Spectrometer (CF-IRMS) at IRMS Laboratory, Malaysian Nuclear 

Agency, Bangi, Selangor. All isotopic results were reported as the δ-notation (⁰/₀₀) 

relative to SMOW (Standard Mean Ocean Water) standard. The precisions for oxygen-

18 (δ18O) and deuterium (δ2H) data were ± 0.2 ⁰/₀₀ and ± 1 ⁰/₀₀, respectively.  

 

For tritium analysis, water samples were courier to Hydrosys Labor Kft., Budapest, 

Hungary (IAEA laboratory) for analysis. The tritium (3H) analysis procedure is based on 

the principal of selective isotopic enrichment using electrolysis. The volume of the water 

samples was reduced from 250 ml / 800 ml to 14 - 15 ml by using electrolytic enrichment 

system, factor of tritium enrichment was about 15-16 or 30-35. The tritium activity of 

enriched water samples was counted by liquid scintillation analyser with lower detection 

limit of > 0.2 TU. Standard reference material of SRM 4361C H-3 radioactivity standard 

was used for the quality control test. 

 

Radon concentration was analysed onsite within 2 hours of samples collection without 

any air bubble during sampling processes. Radon was analysed using a radon in air 

monitor RTM1688-2 (SARAD GmbH, Germany) connected with 500 mL bubbling flask 

to create a close-loop aeration. The concentration of radon was not measured directly, but 

rather the radioactivity it produced. Radon concentration in water is usually expressed in 

Becquerel per cubic meter (Bq/m3) or Becquerel per litre (Bq/L). Radon air monitor was 
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calibrated before used and was set up into ‘Fast’ mode with analysis confidence interval 

sigma 2 (95.45%). 

 

The soil samples in steel core were removed at the Department of Civil Engineering, 

then were slices at 10 cm each. Gravimetric-moisture content was determined by drying 

the soil at 105°C for 48 hours. Dry soil samples were separated for; 1) grain size analysis 

and 2) chloride concentration analysis. Grain size analysis was performed according to 

the BS1377 (1990) method using a mechanical sieve apparatus to determine the 

distribution of the coarser particles. The fine particle (< 63 micron) content was analysed 

using MALVERN MasterSizer (Malvern Instruments Ltd, UK). For chloride analysis, the 

dry soils needed to be grained to produced homogenised samples using pastel and mortar 

and automatic grinder (Retsch, Germany). Ultra-pure water (UPW) was added to the 

grained soil samples in a 1:1 or 2:1 ratio. Samples then were agitated on a reciprocal 

shaker table for 8 hours. This was followed by samples into a centrifugatione at 5,000 

rpm for 10 minutes at the Department of Mechanical Engineering. This procedure was 

done accordingly (Scanlon, 1991). The supernatant was filtered through 0.45 µm filters 

chloride concentration was analysed using ion chromatography (Metrohm, Switzerland). 

 

3.5 Quality Assurance and Quality Control (QA/QC) 

Quality assurance (QA) is all of the actions, procedures, checks and decisions 

undertaken to ensure the accuracy and reliability of analytical results while quality 

control’ (QC), integral to laboratory analysis activities (Victoria EPA, 2009). Samples 

were handled with care to avoid any cross contamination. Ultrapure water (UPW) was 

used to rinse the meter probe and laboratory apparatus, to dilute samples and prepared 

standard solutions for analysis. During sampling campaign, duplicate samples were 

collected for laboratory analysis. Orion Star A329 portable multimeter (Thermo Fisher 
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Scientific, USA) and Radon monitor RTM1688-2 (SARAD GmbH, Germany) was used 

to measure radon on-site. The equipment was calibrated following the calibration manual 

before sampling. Water level-temperature meter (RST, Germany) was calibrated by 

factory. Laboratory analysis of chloride ion and soil particle sizes using ion 

chromatography (Metrohm, Switzerland) and MALVERN MasterSizer (Malvern 

Instruments Ltd, UK) were also calibrated following the calibration manual of the 

equipments. Isotope analyis of 2H, 18O and 3H was sent to the accredited laboratory 

registered under IAEA at Malaysian Nuclear Agency, Bangi, Selangor and Hydrosys 

Labor Kft., Budapest, Hungary. In order to guarantee the quality of data presented in this 

research study, all techniques and procedures applied during the sampling campaign and 

samples preparation and analysis in laboratory strictly followed the standard. This 

standard included the standard operating procedures (SOP), instrumentation calibration 

with standards, reagent blanks analysis and analysis of replicates. 

 

Secondary data were reviewed for adequacy relative to stated acceptance criteria. This 

assessment utilized various methods including statistical analysis for completeness, 

comparison against field verified data and through metadata review. Data sources were 

selected based on relevance, completeness, accuracy, quality and the age of the data. 

 

3.6 Groundwater Recharge Estimation Methods 

 Chloride Mass Balance (CMB) 

The chloride mass balance (CMB) technique assumes that the chloride ion behaves 

conservatively and is not easily affected by reactions through an unsaturated zone to the 

saturated zone. If this assumption is valid, it follows that the chloride ion can adequately 

trace groundwater recharge processes and can thus provide reasonable estimates of 

groundwater recharge. Its reliability therefore hinges on the compatibility of the 
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precipitation event that recharged the system under the study and recent precipitation 

(Mensah et al., 2014). The only source of chloride in soil and groundwater is assumed 

from precipitation and not from weathering or anthropogenic sources (Gaye & Edmunds, 

1996). The CMB methodology has been widely tested and regarded as one of the most 

reliable method for estimating groundwater recharge in regional hydrogeological studies 

and basin wide groundwater resources assessments (Wood & Sanford, 1995; Bazuhair & 

Wood, 1996; Subyani, 2004; Dassi, 2010). Estimation of aquifer recharge rate (R) by the 

CMB method is determined as follow : 

 

R = P * (ClP/Cluz)                      (3.1) 

 

Where, R is recharge (mm/year); P is annual average rainfall (mm/year); ClP is the 

weighted average of chloride concentration (mg/L) in rainfall and Cluz is the average 

chloride concentration in pore water of the unsaturated zone profile (mg/L) and or in 

groundwater. The weighted average (ClP) was calculated according to the following 

equation: 

 

ClP = P1 x C1+ .......+ Pn x Cn / (P1 +.........+ Pn)            (3.2) 

 

Where, P1 is the first rainfall event (mm) and C1 is the corresponding chloride 

concentration in the rainfall (mg/L) in the area for 1 to n events. To determine the 

weighted chloride average for each hydrological year, the chloride concentration of each 

rainfall event is first multiplied by the amount of rainfall. The summation of these 

individual components is then divided by the total annual rainfall. 
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 Water Table Fluctuation (WTF) 

The water table fluctuation method is used to estimate groundwater recharge in 

saturated zone from groundwater level time series data. This WTF is based on the premise 

that rises in groundwater levels in unconfined aquifers are due to recharge water arriving 

at the water tables (Healy, 2010). The recharge is calculated from: 

 

∆𝑆𝑔𝑤 =  𝑅 =  𝑆𝑦
Δℎ

Δ𝑡
                    (3.3) 

 

∆Sgw: changes in storage;  

R: recharge;  

Sy: specific yield;  

Δh: changes in water table;  

Δt: period of time interval 

 

The graphical approach was used to determine the groundwater level rise (Δh) as 

shown in Figure 3.8. The equation assumes that the water arriving at the water table goes 

immediately into storage and all other water-budget components are zero during the 

period of recharge. For each individual water level rise, an estimation of total or gross 

recharge will be generated. To determine the total recharge, Δh is set equal to the 

difference between the peak of the rise and low point of the extrapolated antecedent 

recession curve at the time of peak. The difference between recharge and net recharge in 

subsurface storage is equal to the sum of evapotranspiration from groundwater, baseflow 

and net subsurface flow from the site. The antecedent recession curves are extrapolated 

manually based on visual inspection of the entire data set. This approach involves more 

subjectivity and different users with no doubt, would produce slightly different recession 

curves (Delin et al., 2007). 
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Figure 3.8: Graphical approach of WTF for estimating groundwater recharge (Delin et 

al., 2007) use with journal permission 

 

 Temperature-Depth Profile (TDP) 

Heat in subsurface layers is principally distributed by conduction and advection caused 

by recharging or discharging water flow. The upward heat from the interior is influenced 

by the high aquifer temperature compared to the ground surface temperature. Under the 

condition of a linear increase in subsurface temperature, the analytical solution for one-

dimensional heat conduction-convection (Carslaw and Jaeger, 1959) is applied as in the 

Equation 3.4. 

 

𝑇(𝑧, 𝑡) = 𝑇𝑜 + 𝑇𝐺(𝑧 + 𝑈𝑡) + {(𝑏 + 𝑇𝐺)/2𝑈} [(𝑧 + 𝑈𝑡)𝑒
𝑈𝑧

𝛼 ×

𝑒𝑟𝑓𝑐 {(𝑧 + 𝑈𝑡) 2(𝛼𝑡)
1

2⁄ } + (𝑈𝑡 − 𝑧)𝑒𝑟𝑓𝑐 {(𝑧 − 𝑈𝑡) 2(𝛼𝑡)
1

2⁄ }]      (3.4) 
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Where T denotes the temperature, z represents the depth from the surface (positive 

downward), t is the time after semi-equilibrium condition (Taniguchi et al., 1999a, b) and 

considered as 100 years, To is the surface temperature at t = 0, TG is geothermal gradient, 

b is the increase in surface temperature, U = νcoρo/cρ where ν is the vertical groundwater 

flux, coρo is the heat capacity of water, and cρ is the heat capacity of the aquifer), erfc is 

the complementary error function and α is thermal diffusivity. The modelling is limited 

to semi-infinite layers with only vertical conduction and convection, and vertical 

groundwater flux is assumed to be constant with depth. 

 

 Groundwater Modelling 

The groundwater model of Visual MODFLOW Classic Interface 4.6.0.168 from 

Waterloo Hydrogeologic will be used to analyse the recharge rate. This numerical model 

is based on (Harbaugh, 2005) groundwater flow equation as written below: 

 

𝜕

𝜕𝑥
(𝐾𝑥𝑥

𝜕ℎ

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝐾𝑦𝑦

𝜕ℎ

𝜕𝑦
) +

𝜕

𝜕𝑧
(𝐾𝑧𝑧

𝜕ℎ

𝜕𝑧
) + 𝑄′ + 𝑅 = 𝑆𝑠

𝜕ℎ

𝜕𝑡
       (3.5) 

 

where, Kxx, Kyy and Kzz are values of hydraulic conductivity along the x, y and z 

coordinate axes which are assumed to be parallel to the major axes of hydraulic 

conductivity (L/T); h is the piezometric head (L); Q’ is a volumetric flux per unit volume 

representing sources and/sinks of water, with Q’ < 0.0 for flow out of the groundwater 

system and Q’ > 0.0 for flow into the system (T-1); Ss is the specific storage of the porous 

materials (L-1) and t is time (T). 

 

Figure 3.9 shows the regional LKRB boundary that will be used as a model area in the 

simulation. The model boundary extends to the coastline from the north to southeast, Sg. 

Golok along the border with Thailand from west to north and quaternary formation 

boundary from west to south. 
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Figure 3.9: Regional model area of LKRB 

 

3.6.4.1 Conceptual Model 

A conceptual model is a pictorial representation of the groundwater flow system in the 

form of a block diagram or a cross section (Anderson & Woessner, 1992). It is design to 

simplify the actual system by including hydrological, hydrogeological and hydrochemical 

within generalized boundary conditions (Zhou & Herath, 2017). Understanding the 

conceptual model will help over or under simplification of the model since the 

hydrogeological system is complex. The stratigraphy conceptual model by Sofner (1992) 

as shown in Figure 4.12 will be applied as a base for groundwater modelling. Details on 

hydrogeology is described briefly in Section 4.6. 
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3.6.4.2 Model Discretization 

Model grid 

The model area discretization consist of 155 columns and 144 rows is presented in 

Figure 3.10 with four layers as shown in Figure 3.11. The general grid sizes are 1000 m 

x 1000 m. The grid was refined into 250 m uniform spacing between nodes around the 

active pumping wellfields and 10.5 m uniform spacing between nodes in the area around 

Kg. Chap and Pintu Geng wellfields. The grid spacing was refined into smaller grid size 

especially near the area of interest. The 3D distribution of aquifer stratigraphic units 

representing the natural heterogeneous condition of the aquifer system in the numerical 

simulation is presented in Figure 3.11. The whole aquifer system consists of four main 

aquifer units proposed in the current numerical simulation. Unit 1 is represented the 

shallow unconfined aquifer with the fine to coarse sand materials and thickness ranging from 

5 to 20 m. Unit 2 is the protective layer consisted of the silty clay materials and thickness 

ranging from 5 to 25 m. The deep aquifers composed of the mixed materials are divided into 

two, Unit 3a consisted of the gravely sand extending from the centre to southwest and 

thickness ranging from 5 to 35 m and Unit 3b is the medium to coarse sand with silty clay 

extending from the centre to the northeast i.e. coastal zone and thickness ranging from 5 to 

35 m. Unit 4 is the confined aquifer with coarse sand and thickness ranging from 5 to 90 m. 
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Figure 3.10: Variable spacing grid of model area 

 

 
Figure 3.11: 3D distribution of the aquifer units represents the natural heterogeneous 

condition of the aquifer system in the numerical simulation. The vertical unit is in meter 

above sea level (m. ASL) 
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Boundary Conditions 

In the numerical simulation, two types of boundary condition (BC) were assigned such 

as Dirichlet-type BC (Constant head BC) and Neumann-type BC (Recharge BC, river 

BC, and no-flow BC). As in Figure 3.9, the South China Sea in the northeastern boundary 

of the modeled area was assigned as constant head BC as well as Lemal River connected 

to Tok’ Uban Lake. River BCs were assigned at the western side of the study area (Golok 

River) and rivers in the area, e.g. Kelantan River, Pengkalan Chepa River, Pengkalan 

Datu River, Kemasin River, Mulong River, Ketereh River, Semarak River, Lemal River, 

and Meranti River. All riverbed materials were suggested to have the hydraulic 

conductivity (Kr = 10-4 m/s). Tok’ Uban Lake has been assigned as River BC with 

different value of riverbed conductivity (Kr = 10-6 m/s) because it is an artificial reservoir 

where the bed materials are made of the protective unit (Unit 2). The southern part of the 

modeled area and both mountains were assigned as no-flow BC. For the recharge BC, it 

is recommended that the value between 5 to 20% of the annual rainfall as a reasonable 

percentage for the groundwater recharge (Waterloo Hydrogeologic, 2005).  

 

Recharge BC was assigned accordingly to the available aquifer units that exposed on the 

ground surface which were zone 1 of Unit 1, zone 2 of Unit 2, and zone 3 of Unit 3b, 

respectively as shown in Figure 3.12. The recharge used in this groundwater modelling is 

estimated from water balance study by considering 11% of annual rainfall (MGD, 2014b). 

For this groundwater modelling works, recharge was estimated form the mean annual 

rainfall of 22 rainfall stations within LKRB as listed in Table 3.3. 11% of recharge was 

assigned for zone 1 while for zone 2 and zone 3 the percentage of recharge was lower 

than zone 1 depending on the hydraulic conductivity of the zones as tabulated in Table 

3.4.  
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Figure 3.12: Distribution of recharge zones in the model 

 

Hydraulic Parameters 

The hydraulic conductivities are assigned accordingly to the units as in Figure 3.11. The 

range of hydraulic conductivity for each unit proposed by Sofner (1992) is listed in Table 

3.5. The hydraulic conductivity will be adjusted during the calibration process. 

 

Piezometer Heads and Groundwater Abstraction  

The location of monitoring wells and wellfields is shown in Figure 3.9. In total forty-

nine (49) piezometer head of MGD monitoring wells will be used with long-term record 

of 1989 to 2000. The total withdrawal of groundwater from 14 wellfields is approximately 

256,777 m3/d as tabulated in Table 3.6. The accumulated pumping rates are used in the 

model calibration processes. 
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Table 3.3: Annual rainfall received from rainfall stations at LKRB 

Station Name Agency Period 
Annual 

(mm/yr) 

Kota Bharu MMD 1989-2000 2619.52 

Mardi Kubang Keranji MMD 1989-2000 2826.74 

Pusat Pertanian Bachok MMD 1989-2000 2782.84 

Pusat Pert. Lundang MMD 1989-2000 2877.68 

Pusat Pertanian Melor MMD 1989-2000 2931.47 

Pusat Pert. Pasir Mas MMD 1989-2000 2858.32 

Sg.Petai Pasir Puteh  DID 1998-2000 2858.83 

Ibu Bekalan Tok' Uban  DID 1989-2000 2736.08 

Stn. Pertanian Melor  DID 1989-2000 2944.07 

Serdang, Gunong Barat Bachok DID 1989-2000 2836.18 

Tok Ajam DID 1989-2000 3046.70 

Rumah Kastam, Rantau Panjang  DID 1989-2000 2769.40 

Rumah Pam Repek  DID 1989-2000 2434.06 

Rumah Kerajaan JPS, Meranti  DID 1989-2000 2482.50 

Chabang Tiga Pendek  DID 1989-2000 2647.02 

Kg. Binjai  DID 1989-2000 2785.60 

Teratak Pulai  DID 1989-2000 2550.79 

Jab. Pertanian Bachok  DID 1989-2000 2655.53 

Kuala Jambu  DID 1989-2000 2535.39 

Kg. Kebakat  DID 1989-2000 2621.30 

Stsn. Keretapi Tumpat  DID 1989-2000 2399.00 

Stor JPS Kota Bharu  DID 1989-2000 2397.91 

Mean 2708.95 

 

Table 3.4: Recharge zones assigned at LKRB 

Annual rainfall Unit 1 Unit 2 Unit 3b 

2708.95 (mm/yr) 297.98 135.45 189.63 

Recharge  

(% of annual rainfall) 
11 5 7 
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Table 3.5: Hydraulic parameters of subsurface units 

Unit 

Hydraulic 

Conductivity(m/s) 
Effective Porosity 

(n) 
Storage (S) 

Kh  Kv/Kh 

1 10-2 – 10-3 1/10 0.2 – 0.3 0.25 – 0.05 

2 10-6 – 10-8 1/10 0.02 – 0.05 - 

3a* 10-4 – 10-6 1/10 0.1 – 0.2 10-3 

3b 10-5 – 10-7 1/10 0.05 – 0.15 10-3 

4 10-4 1/10 0.2 – 0.3 10-3 

*K3a possibly ranges from 30 to 123 m/d (Bachik, 1989) 

 

Table 3.6: Wellfields properties and pumping rates included in the simulation 

Location 
Wellfield 

(number of wells) 
X Y 

Cumulative 

Pumping rate 

(m3/d) 

Screen 

location 

Wakaf 

Bharu 
Wakaf Bharu (9) 468368 677011 23,188 Unit 1 

Tanjung 

Mas 
Tanjung Mas (8) 475202 678881 18,143 Unit 4 

Chicha 

Pasir Hor (7) 477186 672236 

107,362 

Unit 3a 

Penyadap (5) 474658 673127 Unit 3a 

Seribong (5) 474595 671817 Unit 3a 

P. Tumboh (2) 475145 670755 Unit 3a and 4 

Kubag Kerian (6) 476792 670979 Unit 1 

Kenali (5) 476587 673422 Unit 3a 

Chicha (4) 477361 674001 Unit 4 

Kg. Puteh 
Kg. Puteh (20) 472465 676057 

73,670 
Unit 1 and 4 

Kota (8) 470966 672597 Unit 3a 

Pintu Geng Pintu Geng (4) 471625 674357 19,334 Unit 1 and 4 

Kg. Chap Kg. Chap (4) 484131 668193 8,971 Unit 3a 

Perol Perol (1) 472000 666000 6,109 Unit 3a 

Total 256 777  
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3.6.4.3 Model Calibration, Validation and Sensitivity Analysis 

Model calibration was carried out under steady-state condition resulting in changes or 

refinement in the conceptual model. Model input parameters are changed to achieve a 

better representation of the physical system (ASTM, 2006) or other words to match the 

field conditions at a site so it is properly characterized. Calibration is run repeatedly 

following the standard trial-and-error method (Anderson & Woessner, 1992). After the 

model was calibrated, model was validated using a new data set to test the calibrated 

model. 

 

A sensitivity analysis is performed during model calibration and during predictive 

analysis. It is a process to determine the effect of parameter variation on the model results 

by quantifying the uncertainties in the calibrated model caused by uncertainty in the 

estimates of aquifer parameters, stresses and boundary conditions. It is a method to 

identify the most influenced parameters on the model simulation and it helps to achieve 

a better calibration results that gives satisfaction to the modeller itself. This analysis will 

provide modeller with an understanding of the level of confidence in model results and it 

is used to identify data deficiencies (ASTM, 2006).  

 

The performance of model calibration and sensitivity analysis were considered through 

the graphical fit between calculated heads and observed heads or statistical comparison 

of root mean squared (RMS), correlation coefficient (R2), residual mean (RM) and 

absolute residual mean (ARM) (Anderson & Woessner, 1992). Explanation of the 

formula was described in Visual MODFLOW 2011.1 user’s manual by Schlumberger 

Water Services.  
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CHAPTER 4: THE STUDY AREA 

4.1 Introduction 

This study was conducted within the Lower Kelantan River Basin (LKRB). The LKRB 

is one of the important basins in Kelantan state which is laying in Quaternary deposit. 

This chapter will briefly describe the location of the study area, topography, climate 

condition, land use, hydrology, geology, hydrogeology and previous studies that have 

been conducted in the basin. 

 

4.2 Location and Topography 

The Lower Kelantan River Basin (LKRB) is situated in the northeast coast of the 

Malaysia Peninsula as shown in Figure. 4.1. The study area lies between latitudes 5.75°N 

to 6.25°N and longitudes 101.94°E to 102.54°E, is bounded by the Thailand at the 

northwest, South China Sea in the north and east and Southern Kelantan area in the south.  

 

4.3 Topography 

Generally, the LKRB area is approximately 1450 km2 and has flat topography with a 

mean ground elevation of 7 m above sea level (ASL). The maximum elevation in the 

basin of hilly area is located at the southwestern with elevation about 40 m ASL while at 

the southeast the elevation is approximately 100 and 192 m ASL, respectively (Figure 
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Figure 4.1: Location of the study area in LKRB 

 

 

Figure 4.2: Topographical conditions of LKRB with rainfall and river discharge stations 
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4.4 Climate Conditions 

The LKRB experiences a humid tropical climate, controlled by two monsoon seasons. 

The southwest Monsoon is occured between April to October often bringing less rainfall 

whereas the northeast Monsoon from November to March frequently generates high 

rainfall intensity over the study area. The annual rainfall recorded from 22 rainfall stations 

(see Figure 4.2) varies between 2400 – 3110 mm with mean annual of 2774 mm as 

presented in Figure 4.3. The mean annual temperature (1968-2013) is 27 oC ranges from 

26.2 oC to 27.9 oC while mean relative humidity (1968-2013) is 82% ranges from 79 % 

to 85%, respectively. The mean surface wind speed (1979-2013) is 2.2 m/s ranges from 

1.3 m/s to 2.7 m/s. The climates data are gathered from drainage and Irrigation 

Department (DID) and Malaysian Meteorological Department (MMD). Mean annual 

potential evapotranspiration (PE) is 1037 mm/year (17 years) is estimated based on six 

types of surfaces; crops, Open water, Oil palm, Grass, Tropical and Towns (Hussin, 

2011). 

 

4.5 Land Use 

The total land use area at LKRB is 185 860 hectare (Ha) according to the data from 

Department of Agriculture (DOA). This land use occupied the district of Kota Bharu, 

Tumpat, Bachok, Pasir Puteh and Pasir Mas (a part of it) with an area of 40 145 Ha, 18 

343 Ha, 27 665 Ha, 57 215 Ha and 42 492 Ha, respectively. The land used is separated 

into 10 categories as shown in Figure 4.4. The highest percentage of land use is short term 

crops (29.80%) for the whole LKRB. This is followed by tree, palm and other permanent 

crops (23.80%), plantation areas (17.79%), swamps (7.63%), abundant grassland areas 

(7.42%), settlement and associated non-agriculture areas (4.07%), water bodies (3.94%), 

forest (3.76%), others (1.15%) and livestock area (0.64%). Agricultural land covers only 

78.42% of the whole district with an area of 145 752 Ha. The land use area is changed 
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accordingly to the necessity of human activity such as municipal, housing, agricultural 

and others.  

 

 
Figure 4.3: Annual rainfall distribution (mean annual rainfall 2774 mm) 
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Figure 4.4: Total land use percentage for Kota Bharu, Bachok, Tumpat, Pasir Puteh and 

Pasir Mas 

 

4.6 Hydrology 

The drainage system in LKRB is controlled by five rivers, which are Golok River, 

Kelantan River, Pengkalan Datu River, Kemasin River and Semarak River that shows a 

dendritic drainage pattern (see Figure 4.2). The Golok River lies on the border between 

Malaysia (Kelantan) and Thailand. Kelantan River is the main river for Kelantan state 

with 248 km length (Ibbitt et al., 2002) while Pengkalan Datu River, Kemasin River and 

Semarak River are with 13 km, 53 km and 24 km length, respectively. Figure 4.5 

represents temporal changes of river stage (Jeti Kastam station 204441) and rainfall (Kota 

Bharu station) from 2001-2012. River discharge of Kelantan River is estimated from 

Gulliemard Bridge station about 22 km along the reaches outside the study area boundary 

(see Figure 4.2). This is the only station close to the LKRB. The mean annual river 

discharge from 1979 to 2013 is 478 m3/s as shown in Figure 4.6. The highest discharge 

rate is recorded in 1994 with 679 m3/s while the lowest discharge rate is recorded in 2012 

with 308 m3/s. 
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Figure 4.5: Monthly river stage (Jeti Kastam station) and rainfall (Kota Bharu station) 

 

 
Figure 4.6: Annual river discharge at Gulliemard Bridge station (mean of 478 m3/s) 
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4.7 Geology 

 Quaternary Deposit 

The study area is covered by alluvium deposits of Quaternary age as shown in Figure 

4.7 and underlained by granite and metamorphic as bedrock. These Quaternary deposits 

can be divided into Pleistocene and Holocene deposit as mapped by (Bosch, 1986). The 

Pleistocene consists of Simpang Formation while Holocene consists of the Gula 

Formation and Beruas Formation that were underlain by granite bedrock. The Quaternary 

deposits mainly consist of unconsolidated to semi consolidated gravel, sand, clay and silts 

that occupies the north of Kelantan state and along the river valley (Md Hashim, 2002). 

The first 13 to 15 m deposit is recent of age (Soh, 1972; Noor, 1980) and composed of 

silty to clay. Towards the coast, the thickness of alluvium may reach up to more than 200 

m (Suratman, 1997) and form a shape like thick wedge towards the sea. This sediment is 

complicated and made up of interstratified and intercalated deposit with marine and non-

marine strata (Udie Lmasudin, 2000). The mixtures of marine and non-marine sediment 

caused by sea level changes during the Quaternary age (Tjia, 1973).  

 

 Gula Formation 

Gula Formation is mainly made up of clay and silt while sand and gravel are also 

present in a small amount. The boundary is often underlained by the Simpang Formation 

or bedrock with thickness of more than 40 metres. Organic matters and shells present are 

such as foraminifera (Ammonia beccarii, Asterorotalia pulchella), gastropod 

(Coralliophila sp., Natica sp.), ostracod (Cytherella semitalis, Cyprideis sp.), pelecypod 

(Anadara sp., Corbula sp.) and others. The environment of deposition is shallow marine 

to estuarine (Suntharalingam & Teoh, 1985; Loh, 1992) The upper part is differentiated 

into Matang Gelugor Member and Port Weld Member (Suntharalingam & Teoh, 1985). 
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Figure 4.7: Geological Map of Lower Kelantan River Basin [modified from MGD 

(2014a)] 

 

Matang Gelugor Member  

The lithology of Matang Gelogor Member composes of sediments varying from clayey 

sand to sand with rare layers of lenses of clay. Sand is mainly in the upper part while 

clayey sand is common in the lower part of succession. The thickness is approximately 4 

m with shallow marine (coastal) environment of deposition. 
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Port Weld Member 

The lithology of Port Weld Member is predominantly clay with occasional lenses or 

layers of fine to medium sand and silt. The clay varies from brown-black or brownish 

grey to greenish grey. The clay generally consists of moderate to abundant humic 

materials layered or arranged in haphazard manner. The thickness is approximately 2 m 

with marine origin as environment of depositional. 

 

 Simpang Formation 

Simpang Formation which is Pleistocene in age, is found mainly in the center part of 

the study area. This formation is made predominantly of clay, silt and sand with 

subordinate amounts of gravel towards the lower part of the succession. The sediments 

are usually mixtures of gravel, sand, silt and clay. The sand and clay are intercalated with 

one another. Peat and peaty clay are also present. The boundaries are unconformable basal 

boundary with bedrock and conformable upper boundary with Gula Formation. The 

thickness is usually more than 30 m with the presence of plants fossils. The environment 

of deposition is fluvial (Suntharalingam & Teoh, 1985; Loh, 1992). As stated by 

Suntharalingam and Teoh (1985), the formation is equivalent to the ‘Old 

Alluvium’(Walker, 1956) Pleistocene sediments of Kinta Valley area which are now 

referred as Simpang Formation. 

 

 Granite and Meta-sediment 

A little patch of granite hills occurs in the southeast of the study area (see Figure 4.7). 

These granite hills are known as Bukit Marak and Bukit Kechik with 373 m and 307 m 

heights, respectively. This granite belongs to the Boundary Range Granite according to 

their similarities of location and mineral composition. While meta-sediment is more 

pronounced in the western area. 
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4.8 Hydrogeology 

LKRB is characterized by thick sequence of Quaternary alluvium deposit ranging from 

25 m inland up to 200 m at the coastal area (Suratman, 1997). Figure 4.8 shows a 

hydrogeological map of LKRB. This area is indicated as a fresh water area and classified 

with very high aquifer potential area (MGD, 2008). Five hydrogeological cross sections 

lines were drawn during technical cooperation with German (Sofner, 1992) to enhance the 

understanding of the LKRB subsurface geology as shown in Figure 4.9. Detail subsurface 

profiles of each cross-section line are presented in Figure 4.10. In general, the aquifer system 

shows a complex groundwater system where the impermeable clay layer is not continuous 

and formed lenses at certain areas making it difficult to differentiate the aquifer layers. The 

aquifer thickness varies by location.  

 

A fence diagram in Figure 4.11 shows a general aquifer system at LKRB which is 

separated into two aquifer system of shallow and deep aquifers as shown. Based on 

hydrogeological cross sections and fence diagram, Sofner (1992) proposed that the former 

concept of a three-fold aquifer systems which might be true for limited sections and has to be 

considered under regional aspects. Figure 4.12 shows the conceptual stratigraphy of the 

Lower Kelantan River Basin aquifer, according to Sofner (1992). The whole aquifer 

system consists of four aquifer units. Unit 1 is shallow unconfined aquifer, followed by 

Unit 2 which is the protective clay layer, Unit 3a and 3b which are of the gravely sand 

and sandy silty clay respectively, and then Unit 4 which is the coarse sand confined 

aquifer. 
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Figure 4.8: Hydrogeological map of LKRB [modified from MGD (2008)] 
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Figure 4.9: Hydrogeological cross section lines in LKRB 
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Figure 4.10: Hydrostatigraphic of LKRB (a) Cross section A-A’, (b) B-B’, (c) C-C’, 
(d) D-D’, and (e) E-E’of LKRB  

a) 

b) 

c) 

d) 

e) 
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Figure 4.11: Hydrogeological fence diagram [source from MGD (2014b)] 
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Figure 4.12: 3D Conceptual stratigraphy of LKRB Layer. (1) is the shallow unconfined 

aquifer, (2) is the protective clay layer, (3a) and (3b) are the deep aquifers consisting of 

the gravely sand and sandy silty clay respectively, and (4) is the coarse sand confined 

aquifer [modified from Sofner (1992)]. 

 

 Groundwater Resources at LKRB 
 

Groundwater resources investigation in Kelantan especially Lower Kelantan River 

Basin (LKRB) has started since Second Malaysian Plan (1971 to 1975) with the assistance 

from Federal Republic of Germany and it was continued in the Third Malaysian Plan 

(1976 - 1980). In the beginning, the investigation covered the eastern part of the LKRB 

and was followed by the western area. The investigation included the construction of the 

monitoring wells, pumping test for determination of aquifer properties, identifying the 

aquifers presence in the basin, groundwater quality monitoring, optimum yield of 

groundwater system to be extracted, identifying potential threat and other related studies. 

Detail reviews on this can be read through in KeTTHA (2010). The report also included 

an update on identifying the extended aquifer resources using skyTEM and ground 

geophysical to complement the past data, proposed new wells for production and 

Univ
ers

iti 
Mala

ya



 

92 
 

monitoring, and implementation of the SCADA system as a practice for sustainable 

groundwater resource management.  

 

W Ismail (2011) studied the groundwater management system using hydrogeological 

model in Sg. Kelantan River Basin. He suggested a few activity plans such as i) 

groundwater survey, groundwater model, test drilling and pumping, and water sample 

analysing in order to establish “Groundwater Resource Management (GWRM)” system 

with support of GIS and database system to handle and store all water resource relevant 

informations, ii) evaluate all existing use of water and redefine sustainable use and 

regulate rate of abstraction, and iii) establish a monitoring system with observation wells 

for level and quality of water.  

 

Prologue to the extensive extraction of groundwater, under Tenth Malaysian Plan of 

National Groundwater Resources Study, MGD (2012) has modelled the shallow aquifer 

of Lower Kelantan River Basin (LKRB) using Groundwater Vistas based on the 

conceptual model in Sofner (1992). The model has indicated a clear interaction between 

surface water and groundwater. The estimated safe yield through the model analysis is 

approximately 509 MLD which is 4.28 times higher during that time of extraction rate. 

MGD (2014b) has also known to model both the shallow and deep aquifer using Visual 

MODFLOW software. The model analysis has estimated safe yield from the aquifer 

system was around 366 MLD which was 1.43 times higher. The estimated safe yield from 

shallow aquifer was nearly 406 MLD while from deep aquifer was about 116 MLD. 

 

River bank infiltration – horizontal well collector (RBF-HCW) system has been 

constructed by Air Kelantan Sdn. Bhd. (AKSB) to optimize the water supply in Kelantan 

(Wan Ismail, 2012). Currently, at LKRB, five locations under the RBF-HCW system has 

been completed and has operated at Pasir Tumboh, Pintu Geng, Wakaf Bharu, Kelar and 
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Kg. Chap while Kg. Telok is still under construction with a capacity of 20 MLD to 50 

MLD. In total, seven RBF-HCW system were constructed in Jeli, Tanah Merah and Gua 

Musang area with a capacity of 3 MLD to 20 MLD. This system is renowned as green 

technology and beneficial in terms of reduction of costs in operation, energy and 

maintenance, reduction of risks in quality of water, failure on operation and 

environmental damages and reduction on threats in climate change impact, pollution of 

river and ‘war’ on use of water.  

 

 Groundwater Chemistry 

Groundwater quality of LKRB was studied by Hussin (2011) using long-term data 

from monitoring wells monitored by MGD. Hydrochemical facies reveal two main facies; 

Na-HCO3 facies in the inland area while Na-Cl facies towards the coastal area. She has 

divided the aquifer into three layers. Layer 1 lies at a depth of approximately 20 m below 

the ground surface. Layer 2 lies approximately between a depth of 20 to 50 m while Layer 

3 lies at a depth of 50 m. All layers contained natural iron concentration exceeding the 

WHO guideline standard of 0.30 mg/L. Groundwater in Layer 1 and Layer 3 are classified 

as fresh water while the groundwater in Layer 2 is a mixture of fresh and brackish water 

(TDS more than 1000 mg/L). High concentration of nitrate and ammonia was found at 

depth interval below 20 m (Layer 1). While high sodium, chloride and iron concentration 

was discovered at depth interval of 20 – 50 m (Layer 2). Iron remained high at depth 

interval of more than 50 m. Water quality indicated that groundwater in Layers 1 and 3 

were more suitable to be used for drinking purposes compared to Layer 2 but water needs 

to be treated to meet the requirement guidelines of drinking water quality. MGD (2012, 

2014b) modelling had indicated that no landfill leachates and tobacco will reach the 

AKSB water treatment plants or abstraction well fields. Assessment of radon 

concentration in groundwater in Kelantan was done by Sulaiman et al. (2019). The radon 

concentration ranges from 0.05 Bq/L to 22.63 Bq/L with mean of 5.1 Bq/L. The mean 
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value was lower than UNSCEAR (2000) average of 10 Bq/L and far less than WHO 

(2011) reference level of 100 Bq/L. The variation of radon vary between wells location 

and depth. The calculated effective dose (according to mean radon concentration) from 

drinking water containing radon was 9 μSv/y. This dose level was very low and will not 

have a harmful effect on the human.  

 

The use of radon as a tracer tool to study the interaction between surface water and 

groundwater has not been studied in LKRB or other part of Malaysia. So far, the 

application of radon was used to study the water quality and health risk of exposure to 

radon radiation. For water quality, radon activity concentration was measured from hot 

spring, surface water, drinking water (reverse osmosis), mineral water, tap water and 

groundwater wells at selected states of Malaysia (Hamzah et al., 2011; Saat et al., 2014; 

Abdul Malik et al., 2015). In general, the measured radon level was below the maximum 

contamination limit (MCL) recommended by United State Environmental Protection 

Agency (USEPA) of 11.1 Bq/L. Only a few of wells have radon level above the MCL 

and these wells were in granitic rock. The exposure to surface radiation dose ranges from 

0.096 to 0.232 µSv/hr. This range is higher than the ranges of global surface radiation 

dose (0.079 to 0.13 µSv/hr) at selected area.  
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CHAPTER 5: RESULTS 

5.1 Introduction 

This chapter presented the results of groundwater recharge mechanism according to the 

methods applied for recharge flow processes and recharge estimation rate. 

 

5.2 LKRB Groundwater Recharge Flow Processes 

 Stable Isotopes (SI) 

Stable isotopes of Deuterium (2H) and oxygen-18 (18O) as briefly explained in Chapter 

2 had been proven as a unique tracer tool to gain insights into the groundwater recharge 

processes and groundwater flow system over various hydrogeological and climate 

conditions. The 2H and 18O sampling location and analysis have been described in Chapter 

3. The 2H and 18O isotopic data of precipitation, surface water and groundwater are 

tabulated in Appendix A for ease of comparison and interpretation.  

 

5.2.1.1 Signatures of D and 18O in Rainwater  

The isotopic composition of rainwater provides an important information on 

atmospheric circulation and climate change (Yurtesever & Gat, 1981). In general, the 

distribution of 2H and 18O isotopic composition in rainwater is governed by several factors 

which include altitude, temperature and amount effects (Ingraham, 1998; Gat et al., 2001; 

Yin et al., 2011a). The statistic isotopic signatures of 2H and 18O in rainwater during May 

2013 to January 2015 is summarized in Table 5.1 and the monthly data collected during 

sampling campaign is listed in Appendix A. The range of δ18O is from -9.720/00 to -

2.780/00 and δ2H ranges from -63.340/00 to -11.120/00, respectively. The weighted mean 

isotopic composition in rainwater is -6.110/00 and -39.840/00 for δ18O and δ2H, 

respectively.  
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Table 5.1: Statistics summary isotopes signatures of δ2H and δ18O in rainfall 

 δ2H (‰) δ18O (‰) δD-excess (‰) 
Minimum -63.34 -9.72 1.08 
Mean -33.76 -5.32 8.82 
Maximum -11.12 -2.78 14.42 
Standard deviation 13.97 1.84 3.70 
Mean weighted -39.84 -6.11 9.03 

 

The variation of monthly 2H and 18O isotopic composition is shown in Figure 5.1. The 

most depletion of 2H and 18O occurred in June (2H = -52.120/00, 18O = -8.000/00, 

temperature = 28.40°C) while the most enrichment occured during Mar (2H = -

11.120/00,18O = -2.80/00, temperature = 27.05°C). The surface air temperature, relative 

humidity and wind speed does not fluctuate significantly in seasonal variation as shown 

in Figure 5.1. This is because the isotopic composition at LKRB is influenced by amount 

effect during the monsoon seasons which is a pronounced feature of tropical regions like 

Southeast Asia (Rozanski et al., 1993; Araguás-Araguás et al., 1998, 2000; Majumder et 

al., 2011). 

 

This similar effect occurred at tropical karst island aquifer of Barbados, Puerto Rico 

and Guam (Jones et al., 2000; Jones & Banner, 2003). Identifying the final mechanism 

that governs the isotopic composition of rainfall is important when discussing the rainfall 

data. The temperature effect is generally pronounced at high latitude continental regions 

where the isotopic composition decreases with temperature drops and increases with the 

amount of rainfall (amount effect). This amount effect is more pronounced in the tropical 

regions. 
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Figure 5.1: Variation of monthly 2H and 18O isotopic compostion, rainfall, temperature, 

relative humidity and wind speed from May 2013 to Jan 2015 at the LKRB 
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5.2.1.2 Signatures of 2H and 18O in Rainwater with Meteoric Water Lines 

The global meteoric water line (GMWL) is established by (Craig, 1961) with linear 

regression of δ2H = 8δ18O +10. This GMWL is a global average of world local meteoric 

water lines, where each line is controlled by local climate factors including the origin of 

water vapour mass, secondary evaporation during rainfall and the seasonality of 

precipitation (Kabeya et al., 2007). The slope ~8 of GWML by Craig (1961) indicated 

that condensation of atmospheric moisture is under equilibrium condition. The slope that 

is less than or greater than 8 can indicate that the system is dominated by evaporation and 

recharged/recycled moisture, respectively (Craig, 1961). The intercept of GWML (~10) 

is exemplified by Dansgaard (1964) as deuterium excess (d-excess), d = δ2H - 8δ18O to 

characterize the kinetic fraction of moisture vapour origin of water (Gat & Carmi, 1970). 

The d-excess value greater than 100/00 may indicate sources of recycled water, snow 

formation and cooler/dry air masses; known as ‘primary evaporation’. Value less than 

100/00 may indicate secondary evaporation (e.g. from cloud formation or terrestrial 

waters) and more humid air masses (Dansgaard, 1964; Clark & Fritz, 1997b; Gupta & 

Deshpande, 2005).  

 

According to Clark and Fritz (1997a) the low d-excess of rainfall reflects slow 

evaporation at its source region due to high humidity, while the high d-excess reflects fast 

evaporation at its source region due to low humidity. Cappa et al. (2003) asserted that the 

d-excess value of water vapour is a function of the temperature, humidity, and isotopic 

characteristics of the ambient water vapour and the evaporating water. The local meteoric 

water line (LMWL) is established from Malaysian rainfall stations  with linear regression 

of δ2H = 8 δ18O + 13.7 (Wan Muhd Tahir et al., 2014). GMWL and LMWL are used as 

a basic information to describe the water cycle processes in a particular area and for 

regional or locals investigatio., It is important to compare surface water and groundwater 
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data with LMWL (Clark & Fritz, 1997b). Therefore, these lines will enhance the 

understanding on the variation of 2H and 18O isotopes composition of surface water and 

groundwater as comparison with the rainfall. 

 

The GMWL, LMWL and the distribution of 2H and 18O of rainwater is shown in Figure 

5.2. The rainwater isotopes scatter along and disperse below LMWL and GMWL. The 

mean weighted of rainwater (2H = -39.840/00 and 18O = -6.110/00) is also shown in the 

figure. The deviation of rainwater from GMWL and LMWL suggests that rainwater has 

undergone evaporation process during rain clouds and before it reached the ground 

surface. The calculated mean value of d-excess 9.030/00 (see Table 5.1) is semblanced to 

the signature of global water (Craig, 1961) and indicates that the current rainfall at LKRB 

is slightly evaporated in relation to global meteoric water. The lower values of d-excess 

from GMWL and LMWL indicated that the current rainfall is evaporated in relation to 

local and global meteoric water lines whereas rainfall occurs at the relative high humidity 

less than 100% and high temperatures. The range of d-excess (37% of samples) show d-

excess values higher than 10 which indicates that the probable inputs of recycled water 

vapor (Koster et al., 1993; Gat et al., 1994; Machavaram & Krishnamurthy, 1995) of local 

monsoon air masses and the contribution continental surface flow to the rain clouds due 

to low humidity (Clark & Fritz, 1997b). Later, the discussion of surface water and 

groundwater will be based on the GMWL and LMWL as reference lines to understand 

the fractionation processes in the basin. 

 

5.2.1.3 Seasonal Variations in Isotopic Signatures of 2H and 18O 

The seasonal variation of 2H and 18O in rainwater, surface water and groundwater is 

summarized in box and whiskers plot as shown in Figure 5.3 and Figure 5.4 for dry and 

wet season. The details of the datasets for surface water and groundwater are listed in  
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Figure 5.2: Distribution of δ18O and δ2H isotopic composition of rainwater (RN) 

 

Appendix A. Although all data emerged to be dispersed, rainwater shows high dispersion 

for 2H and 18O isotopes in both seasons. The variability of rainwater as mentioned in 

section 5.2.1.2 is influenced by the rainfall amount as well as humidity and temperature 

during evaporation. The rainwater data for 2H and 18O ranges from-63.340/00 to -17.170/00 

and -9.720/00 to -2.780/00 with mean of -35.91±14.560/00 and -5.50±2.020/00, respectively 

during dry season. Meanwhile, during the wet season, the 2H and 18O ranges from -

49.400/00 to -11.120/00 and -7.720/00 to -2.800/00 with means of -34.42±15.510/00, -

5.51±1.870/00, respectively. 
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Figure 5.3: Box and whisker plots variations of 2H and 18O signatures of rainwater (RN), 

surface water (SW) and groundwater (GW) during wet season  
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Figure 5.4: Box and whisker plots variations of 2H and 18O signatures of rainwater (RN), 

surface water (SW) and groundwater (GW) during dry season 
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The apparent high dispersion for surface water for 2H and 18O isotopes in both seasons 

are attributed by the fact that rainwater is the main source of the surface water in humid 

tropical climate where the annual rainfall received is 2774 mm (see section 4.2). This 

high dispersion also resembles a study by Fynn et al. (2016). The study stated where the 

2H and 18O isotopes in surface water are attributed to the diverse kinds of surface 

impoundments in which some are ephemeral and others are perennial. However, the 

surface water in LKRB are taken from perennial rivers that flows throughout the year and 

artificial lake which sometimes will turn into a ‘lake’ as the interconnected river may 

sometimes be dry especially during the dry season. The most enriched surface water 

samples were taken from Kemasin river (SW4 and SW5) and Pengkalan Datu river (SW6 

and SW7) that shows negatively signatures of both isotopes observed suggest the effect 

of high evaporative enrichment as the river is closed to the sea.  

 

The surface water data for 2H and 18O ranges from -41.350/00 to -19.230/00 and -7.020/00 

to -2.790/00 with mean of -28.06±9.080/00 and -4.56±1.650/00, respectively during dry 

season. Meanwhile, during the wet season, the 2H and 18O ranges from -46.280/00 to -

25.250/00 and -7.070/00 to -4.200/00 with mean of -39.38±7.720/00, -6.00±1.210/00, 

respectively. The mean isotopic composition of surface water is more depleted compared 

to rainwater, indicating that rainfall is the primary source of surface water at LKRB. 

Surface water is enriched with heavy isotope during dry season compared to wet season. 

A trend of depletion in isotopic composition of Kelantan, Kemasin and Pengkalan Datu 

river can be seen towards the downstream (see Appendix A). Surface water depleted with 

light isotopes as compared with groundwater as the surface water is exposed to the full 

force of the weather throughout the year and thus very subject to evaporation (Fynn et al., 

2016). 
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The groundwater samples suggest intermediate conditions between rainwater and 

surface water bodies for 2H and 18O isotopes in both seasons in the study area. This 

possibly reflects the mixtures of recent rainfall and surface water (Fynn et al., 2016). The 

isotopic composition of groundwater 2H ranges from -47.590/00 to -32.410/00, -48.900/00 to 

-40.190/00 and -52.030/00 to -42.050/00 with mean of -42.22±3.690/00, -45.42±2.610/00 and -

47.61±3.140/00 and 18O ranges from -7.080/00 to -5.410/00, -7.390/00 to -6.500/00 and -

7.980/00 to -6.650/00 with mean value of -6.48±0.470/00, -6.95±0.330/00 and -7.41±0.470/00, 

respectively for GW(L1), GW(L2) and GW(L3) during dry season. During wet season, 

the 2H ranges from -46.700/00 to -30.710/00, -49.620/00 to -41.610/00 and -50.580/00 to -

43.480/00 with mean of -40.75±4.440/00, -44.63±2.730/00, and -47.57±2.470/00 and 18O 

ranges from -7.820/00 to -6.040/00, -7.540/00 to -6.440/00 and -7.840/00 to -6.710/00 with 

mean value of -6.69±0.560/00, -6.84±0.420/00 and -7.33±0.390/00, respectively for 

GW(L1), GW(L2) and GW(L3).  

 

Groundwater data suggest more depletion in heavy isotopes compared to surface 

water. Groundwater shows a small range variation of isotopic signatures within the 

aquifer layers, and a trend of depleting in heavy isotopes of 2H and 18O composition (see 

Figure 5.3 and Figure 5.4). During dry season, groundwater in Layer 1 is slightly enriched 

in heavy isotope as compared to wet season. Groundwater in Layer 2 and Layer 3 are 

slightly enriched in light isotope during dry season but depleted in wet season. As the 

depth increased as shown in Figure 5.5, the small variation of 18O illustrates a mixing 

pattern between the aquifer layers and groundwater flow may come from similar sources 

even though the aquifer system is heterogeneous (details in section 5.2.1.4).  
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Figure 5.5: Variation of δ18O and with depth in groundwater (dry and wet season) 
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5.2.1.4 Isotopic Signatures of 2H and 18O in Surface Water and Groundwater with 

GMWL, LMWL and Evaporation Line 

The relationship between 2H and 18O isotopic signatures of surface water and 

groundwater are represented in Figure 5.6 for dry and wet seasons. The average weather 

condition of surface air temperature, relative humidity, rainfall and wind speed during dry 

and wet seasons are 27.9°C, 81%, 137 mm, 2.07 m/s and 26.3°C, 81%, 2.73 mm, 2.84 m/s, 

respectively. The linear regression line of GMWL and LMWL are also drawn in the 

Figure 5.6 as reference lines. The dash line is referred as ‘Evaporation Line’. This line is 

drawn according to the regression of surface water or groundwater samples data. All these 

lines are applied for understanding the processes involved on the variation of D and 18O 

isotopes composition of surface water and groundwater at LKRB.  

 

Most of the isotopic compositions are scattered to the left side of the plots for both 

seasons. Literally, samples that are plotted at or near the LMWL arelikely undergone 

direct recharge from local rainfall (meteoric origin) with minimal evaporation through 

infiltration while other samples that are relatively deviated from the LMWL will have 

undergone evaporation processes during rainfall and/or during infiltration before 

recharging to the groundwater (Clark & Fritz, 1997a; Mook, 2000). The samples are 

closely plotted near the weighted mean rainfall implying that the recharge sources of this 

water are mainly from recent rainfall. Selected surface water samples are dispersed far to 

the right side of the plot especially in dry season.  

 

All groundwater shows enrichment in lighter isotopic composition (more negative) 

whereas the position is to the left of the plot. The small ranges of 2H and 18O isotopes 

signature indicate that the source water comes from the same origin. The overlapping of 

the isotopic composition of surface water with groundwater and shallow (Layer 1) with  
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Figure 5.6: Variation of D and 18O; (a) dry season, (b) wet season 
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Wind speed: 2.84 m/s 
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deep (Layer 2 and Layer 3) aquifer indicates a similar isotopic composition and possibility 

of leaking and/or mixing processes occurrs at the basin. According to Adomako et al. 

(2011) this variation is probably caused by local processes; a) rainfall infiltration and b) 

groundwater mixing with water from anthropogenic activities or agriculture return flows.  

 

In the tropical regions, the isotopic composition of 2H and 18O can be considerably 

modified from local rainfall due to strong isotopic enrichment in water during 

evaporation. The evaporation line of surface water (SWEL) is in blue colour (see Figure 

5.6). The linear regressions are D=5.4818O - 3.06 with R2=0.99 and D=5.6218O - 5.61 

with R2=0.78 respectively for dry and wet seasons as listed in Table 5.2. The intercept 

point between evaporation line and LMWL resulted in the δ2H = -40.00/00, δ18O = -6.700/00 

and δ2H = -51.50/00, δ18O = -8.150/00, respectively for dry and wet season. This intersection 

indicates the origin of isotopic composition that recharged the surface water at LKRB 

before evaporation.  

 

Table 5.2: Regression lines equation for surface water and groundwater 

Samples 
Regression line equations 

Wet Dry 

Surface water (SW) δ2H = 5.62 δ18O - 5.61 δ2H = 5.48 δ18O - 3.06 

Groundwater, GW(L1) δ2H = 5.84 δ18O - 1.65 δ2H = 5.08 δ18O - 9.26 

Groundwater, GW(L2) δ2H = 4.97 δ18O - 10.60 δ2H = 5.84 δ18O - 4.79 

Groundwater, GW(L2) δ2H = 5.95 δ18O - 3.89 δ2H = 5.94 δ18O - 3.58 

 

As previously mentioned in section 5.2.1.3, rainfall is the main source of surface water. 

The isotopic composition of surface water near or at the LMWL indicates surface water 

is of meteoric origin. The slope of 5.48 and 5.62 (dry and wet) which is lower than GWML 

and LMWL (~8) as mentioned in Section 5.2.1.2, indicates that the isotopic composition 

of surface water has undergone evaporation before it reaches the ground surface as runoff 
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or percolates water into the surface water bodies. This was supported by the variation of 

calculated d-excess as shown in Figure 5.8 with means of 8.610/00 and 8.390/00 

respectively for dry and wet season which is below GWML (100/00). The range of d-

excess in Figure 5.8 indicates surface water at LKRB has undergone both primary and 

secondary evaporation.  

 

The evaporation processes have enriched the isotopic composition especially during 

dry season and depleted during the wet season of the samples that deviated from GMWL 

and LMWL (see Figure 5.6). River water is enriched with heavy isotopes at Kemasin 

River during wet season and Kemasin and Pengkalan Datu during dry seasons. The rivers 

show significant increased in heavy isotopes from inland towards the coastal area in the 

series of Kelantan River, Pengkalan Datu River and followed by Kemasin River. From 

the upstream to downstream of these rivers, the trend of increasing heavy isotopes for 

both seasons was shown. It can be said that evaporation process are high towards the sea.  

 

Apparently, surface water shows indication of leaking and/or mixing with shallow 

groundwater (Layer 1) (see Figure 5.6) whereas this condition is typical for baseflow 

river. The lower mean of d-excess compared to groundwater of 11.240/00 (average all 

layer) suggests that there could be some level of hydraulic connection or mixing of 

surface water with groundwater especially between shallow groundwater in the basin to 

favour the surface flow throughout the year. It can be said that, during dry season 

subsurface flow through baseflow will discharge to surface water. Alternatively, in wet 

season, leakage from surface water will recharge the shallow groundwater. Thus, 

groundwater that has similar compositions to those of surface water indicated that the 

source of the groundwater is related to surface water. Therefore, the isotopic composition 
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of surface water is considered being composed of rainwater and groundwater of shallow 

aquifer. 

 

 

 

 
Figure 5.7: Box and whisker plot of d-excess for surface water and groundwater a) dry, 

b) wet season 
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The green evaporation line is referred as GW(1)EL (see Figure 5.6). This line indicates 

relationship between the 2H and 18O isotopes of groundwater in Layer 1 aquifer. The 

evaporation lines of groundwater in Layer 2 and Layer 3 aquifer are not illustrated in the 

plot, but the linear regression is shown in Table 5.2. The linear regression in groundwater 

Layer 1 are 2H =5.0818O - 9.26 with R2=0.43 and 2H =5.8418O - 1.65 with R2=0.54, Layer 

2 are 2H =5.8418O - 4.79 with R2=0.56 and 2H =4.9718O - 10.60 with R2=0.59 and Layer 

3 are 2H =5.9418O - 3.58 with R2=0.78 and 2H =5.9518O - 3.89 with R2=0.86, respectively 

for dry and wet seasons. The intersection point between GW(1)EL with the LMWL (2H 

= -500/00 18O = -7.90/00 and 2H = -43.50/00 18O = -7.150/00), GW(2)EL with the LMWL (2H 

= -550/00 18O = -8.50/00 and 2H = -500/00 18O = -8.10/00) and GW(3)EL with the LMWL (2H 

= -550/00 18O = -8.50/00 and 2H = -580/00 18O = -8.70/00) for dry and wet season.  

 

Same goes for surface water whereby, this intersection point characterized the isotopic 

composition of recharging rainfall to the groundwater before evaporation (Yin et al., 

2011a; Ayadi et al., 2016; Fynn et al., 2016). Relatively, smaller slopes of 5.08, 5.84, 

5.84, 4.97, 5.94 and 5.95 (see Table 5.2), being less than 8 indicate that the isotopic 

composition of groundwater is subjected to evaporation during the recharge processes as 

the values are within 4 to 6 (Gibson et al., 1993). The variation of d-excess in Figure 5.8 

shows that groundwater in all layers have primary and secondary evaporation processes.  

 

The negative relationship between 18O and d-excess in Figure 5.8 clearly supported 

that groundwater has mixed recharge water and experienced a variable degree of 

evaporation before recharge to groundwater (Tsujimura et al., 2007; Shah, 2013; Abreha, 

2014) that is if water evaporates, the d-excess decreases. Evaporation of rainfall and 

considerable enrichment of the precipitation water prior to recharge may take place either 

in the free surface or on the raindrops before reaching the soil zone (Peling-Ba, 2009). It  
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Figure 5.8: Relationship δ18O with d-excess in groundwater (dry and wet season) 
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is believed that groundwater has undergone a combination of both evaporation and 

leaking and/or mixing processes rather than evaporation processes only (Gat & 

Dansgaard, 1972; Kattan, 2001; Ammar et al., 2016). The high median values (Figure 

5.7) could be a result from longer residence time it takes to reach the aquifer, mixing with 

rainwater, surface water, irrigation or anthropogenic or old water in the aquifer which 

leads to small variation and depletion in isotopic composition from shallow to deep 

aquifer (Figure 5.5). 

 

During recharge to Layer 1, the isotopic composition position is relatively close to 

LMWL or above LMWL indicating negligible evaporation prior to recharge and that it 

has experienced rapid infiltration process of rainwater which does not allow time for 

evapotranspiration. This condition occurred especially during wet season where rainwater 

is highly evaporative during rapid diffuse recharge to the groundwater. Recharge is 

facilitated by rapid diffuse infiltration of rainwater through or past the soil zone. This 

condition occurs when soils are highly permeable with hydraulic conductivity of 10-3 m/s 

(see section 5.3.4) and have high soil infiltration rates especially during wet season when 

moist soils have the greatest capacity to transmit (Jones et al., 2000).  

 

According to Banoeng-Yakubo et al. (2010) the role of clay minerals in the unsaturated 

zone is to mediate and limit groundwater recharge. The spatial variation in the fraction of 

the clay in the material of unsaturated zone will determine the rate of direct infiltration of 

rainwater and consequent recharge to the saturated zone. When the clay fraction is high, 

infiltration rates may be considerably reduced, rendering the infiltrating water much more 

susceptible to the effects of evapotranspiration rates within the unsaturated zone.  
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The isotopic compositions that lays relatively near to the evaporation line indicates 

that groundwater experienced secondary evaporation before recharge to the aquifer. This 

condition occur when rainwater at near surface water bodies or in unsaturated zone during 

diffuse recharge re-evaporated which enriched the isotopic composition especially during 

dry season. The d-excess of groundwater which is higher than surface water indicates that 

there is inter-connection/interaction between groundwater and surface water. This 

connection is revealed by the similarity of the isotopic composition of Kelantan and 

Pengkalan Datu rivers with the neighbouring wells of Kedai Buluh (GW15), Kg. Puteh 

(GW1), Pintu Geng (GW4), Pasir Hor (GW11), Penyadap (GW12), Kenali (GW20), 

Seribong (GW21) and Pasir Tumboh (GW22) as in Appendix A. The river – groundwater 

interaction vice versa is up to Layer 2 as indicated by the isotopic composition of Kelantan 

River at Kelar (SW2) (-6.720/00 and -6.150/00) and Kelar well (GW24) (-6.620/00 and -

6.650/00) for both seasons (Appendix A). Groundwater is recharges by river during wet 

season and groundwater is discharges to the river during dry season where interaction 

between river - groundwater shows that leaking and/or mixing processes are occurred in 

the LKRB.  

 

The source of recharge to the aquifer in Layer 2 is leaking and or mixing from shallow 

aquifer of Layer 1 while recharge to the aquifer Layer 3 is leaking and/or mixing from 

aquifer Layer 2. As the water infiltrates, it brings the isotopic signature of evaporation 

water as indicated by the slope and regression line of Layer 2 and Layer 3 as mentioned 

previously. However, the isotopic composition is depleted as the depth increased that 

could posibbly water takes longer residence time to arrive to the respective aquifer layers 

and later on it will be mixed with old water in the aquifer which reduced the isotopic 

composition of 18O and 2H.  
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The inter-aquifer relationship between Layer 2 and Layer 3 are revealed at Tanjung 

Mas, Pengkalan Chepa and Beris Kubor area. The isotopic composition at Tanjung Mas 

are 7.540/00 and -7.270/00 (GW17, Layer 2) with -7.490/00 and -7.970/00 (GW 26, Layer 3) 

and -7.500/00 and -7.390/00 (GW27, Layer 3), Pengkalan Chepa are -7.390/00 and -6.910/00 

(GW19, Layer 2) with -7.580/00  and -7.580/00 (GW30, Layer 3) and -7.840/00 and -7.890/00 

(GW31, Layer 3) and Beris Kubor are-7.030/00 and -7.290/00 (GW23, Layer 2) with -

7.830/00 and -7.980/00 (GW33, Layer 3) for both season. The position of wells are scattered 

at Tanjung Mas and inline at Pengkalan Chepa and Beris Kubor. It was also found that 

Layer 1 and Layer 3 are hydraulically connected as indicated by the isotopic composition 

wells at Kubang Kerian of 7.820/00 and -6.920/00 (GW10, Layer 1) with –7.230/00 and -

7.600/00 (GW32, Layer 3). It is possible that mixing by upward vertical leakage from 

Layer 3 to Layer 2 and from Layer 2 to Layer 1 to occur because groundwater at LKRB 

is exploited for water resources from shallow and deep aquifer. The inter-aquifer 

relationship as mentioned above indicates that the leaking/mixing pattern of aquifer is 

close to the coastal area due to the basin sedimentation processes in LKRB. Therefore, 

based on the isotopic signatures at LKRB, it is confirmed that groundwater – river 

interaction and inter-aquifer connection between aquifer occurred at LKRB which 

indicates that aquifer is heterogeneous with or without continuous aquifer layers.  

 

 Tritium (3H) 

The cosmogenic isotope of tritium (3H) has been reviewed in Chapter 2 and it is an 

excellent tool for determining the ages of water in the river basin. Sampling location and 

analysis are briefly described in Chapter 3. The tritium content of precipitation, surface 

water and groundwater are tabulated in Appendix B for ease of comparison and 

interpretation of the groundwater recharge processes.  
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5.2.2.1 Tritium (3H) in Rainwater  

The long term tritium content in rainfall of Kota Bharu station was downloaded from 

Global Network of Isotopes in Precipitation (GNIP) database, IAEA/WMO (2017). This 

database is a cooperation between the World Meteorological Organization (WMO) and 

the International Atomic Energy Agency (IAEA). Kota Bharu station is selected as the 

nearest station within the study area. The available monthly rainfall data were from April 

1980 to December 1994 with a total of 43 samples. The downloaded tritium content of 

rainfall is listed in Appendix B and the statistical summary is presented in Table 5.3. The 

long-term tritium data range from 0.9 TU to 9.9 TU with a mean of 5.0 ±2.1 TU. Data are 

plotted as a time series as shown in Figure 5.9. For comparison with recent tritium 

content, analysis results of rainwater collected at LRA Kg. Puteh is plotted in Figure 5.10 

(blue line) and tabulated in Appendix B.  

 

Table 5.3: Statistical summary of tritium content in rainfall 

Rainfall 
 

n 

GNIP 
(Apr 1980 – Dec 1994) 

43 

LKRB 
(Apr 2014- Jan 2015) 

10 

Minimum 0.9 2.6 
Mean 5.0 3.8 

Maximum 9.9 5.8 
Standard deviation 2.1 0.9 
 

The recent tritium content at LKRB ranges from 2.6 to 5.8 TU with a mean of 3.8 ±0.9 

TU as presented in Table 5.3. This 3.8 TU value is similar with the tritium in Melbourne 

precipitation ~ 3.5 TU (IAEA, 2011a) which indicated modern rainfall. The recent rainfall 

data are plotted continuously from the long-term rainfall of Kota Bharu station as in 

Figure 5.10. It is clearly shown that the tritium content at LKRB shows a decreasing trend 

which is a similar trend with Ottawa and Kaitoke of Northern and Southern Hemisphere 

(see Figure 2.3). Even though the LKRB is located at the  
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Figure 5.9: Long-term tritium content in rainfall generated from GNIP database (black 

line) and tritium content in rainfall from LRA Kg. Puteh, Kota Bharu (blue line). 

 

Equatorial, far from the Northern and close to Southern Hemisphere, the declines in trend 

followed the decrease of world tritium content. The measurement of tritium in rainwater 

is essential for local tritium studies and will provides site–specific information for scaling 

of the establishment input function to nearby location (Gusyev et al., 2016). 

 

5.2.2.2 Tritium (3H) in Surface Water and Groundwater 

Box and whisker plot in Figure 5.10 shows the variation of tritium content in surface 

water and groundwater while Table 5.4 summarized the statistical values as listed in 

Appendix B. The range of tritium content in surface water is 2.1 TU to 3.0 TU with a 

mean of 2.6±0.4 TU. Tritium content in groundwater ranges from 1.7 TU to 2.8 TU with 

a mean of 2.5±0.4 TU, 1.4 TU to 2.4 TU with a mean of 1.8±0.3 TU and 1.4 TU to 2.5 

TU with a mean of 1.7±0.4 TU for Layer1, Layer 2 and Layer 3 respectively. The means 

of surface water and groundwater are lower than the mean of rainfall tritium of 3.8 TU as 

shown in Table 5.4. The variation of tritium content in surface water is similar/close with 

groundwater Layer 1 while tritium content of groundwater Layer 2 is similar/close with 
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groundwater Layer 3. It can be said that hydraulic connectivity occurred between them. 

Tritium in LKRB groundwater shows a decreasing content compared to previous study 

by Mohamad and Mohd Ali (1981) which ranged from 0 TU to 7 TU.  

 

 
Figure 5.10: Box plot of tritium in surface water (SW) and groundwater (GW) 

 

Table 5.4: Statistical summary of tritium content in surface water and groundwater 

Tritium 
 

n 

Surface water 
 

4 

Groundwater 
Layer 1 

8 

Layer 2 
8 

Layer 3 
10 

Minimum 2.1 1.7 1.4 1.4 
Mean 2.6 2.5 1.8 1.7 

Maximum 3.0 2.8 2.4 2.5 
Standard deviation 0.4 0.4 0.3 0.4 

 

The spatial distribution of tritium in surface water is shown in Figure 5.11 while spatial 

distributions in groundwater are shown in Figure 5.12. Surface water samples show an 

increase of tritium content as the water flows towards the downstream. Kelantan River 

samples at Kelar (SW2) and Tambatan Diraja (SW1) have tritium content of 2.7 TU and 

3.0 TU while Kemasin river samples at Telok (SW5) and Pengkalan Baru (GW4) have 

SW              GW(L1)             GW(L2)            GW(L3)        
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tritium content of 2.1 TU and 2.6 TU respectively. The spatial distribution of groundwater 

in Layer 1 indicated that only sample at Pasir Hor (GW4) has tritium content of 1.7 TU 

while other samples are above 2.0 TU (Appendix B). In Layer 2, only samples at Kenali 

(GW20) and Seribong (GW21) have tritium contents of 2.4 TU and 2.2 TU while other 

samples are below 2.0 TU (Appendix B). In Layer 3, only samples at Chicha (GW28) and 

Perol (GW29) have tritium contents of 2.2 TU and 2.5 TU while other samples are below 

2.0 TU (Appendix B). A decreasing trend of tritium content with depth in groundwater is 

observed from the mean values of 2.5 TU (Layer 1) to 1.7 TU (Layer 3) as in Table 5.4 

and Figure 5.13. This trend shows that tritium experienced a decaying process during the 

travel time (Cartwright & Morgenstern, 2012) 

 

 
Figure 5.11: Spatial distribution of tritium at surface water 
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Figure 5.12: Spatial distribution of tritium in groundwater (Layer 1, Layer 2 and Layer 3) 
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Figure 5.12, continued. 

 

 
Figure 5.13: Distribution groundwater tritium with depth 
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5.2.2.3 Qualitative ‘age’ of Groundwater 

The occurrence of tritium in groundwater directly depends on recharge regime, 

infiltration of runoff through unsaturated zone and the transition from one aquifer to the 

another aquifer as well as hydraulic connection between surface water and groundwater 

(Ferronsky & Polyyakov, 2012). The indication of ‘age’ based on qualitative assessment 

was mentioned previously in Chapter 2 which can provide the relative age on a time scale 

of about the past 50 years (Ako et al., 2013) whether the groundwater is modern (less 

than about 50 years in age) or pre-modern (older than about 50 years in age) (Clark & 

Fritz, 1997a). Clark and Fritz (1997a) has proposed a qualitative interpretation of 

groundwater residence time based on the tritium content for coastal/low-latitude regions 

by assuming that piston flow conditions (no dispersion or mixing). The tritium content of 

less than 0.8 TU is considered to indicate that groundwater is recharged by sub-modern 

water prior to 1952, 0.8 to 2.0 TU indicate that groundwater is recharged with mixture of 

sub-modern and recent water, 2 to 8 TU is indicate that groundwater is recharged by 

modern water which is less than 5 year to 10 years, 10 to 20 TU indicated that 

groundwater is recharged by the residual bomb tritium present in water for more than 20 

years and tritium content more than 20 indicate groundwater has a considerable 

component of recharge water from 1962 or 1970s. This qualitative guideline is 

summarized in Table 5.5.  

 

Table 5.5: Qualitative interpretation of groundwater residence time (Clark and Fritz, 

1997) 

Tritium (TU) Qualitative Age 

<0.8 Submordern – recharged prior to 1952 

0.8 - 2 Mixture between submodern and recent 

2- 8 Modern < 5 to 10 years 

10- 20 Residual bomb tritium present >20 years 

>20 Considerable component of recharge from 1960s or 1970s 
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By applying the classification of Clark and Fritz (1997a) in Table 5.5, the variation of 

groundwater (see Figure 5.9 and Table 5.4) in general is a mixture between sub-modern 

and modern water to modern water that recharges to the aquifer. Specifically, the mean 

of groundwater (see Table 5.4) indicates that Layer 1 is modern water aquifer, Layer 2 

and Layer 3 are mixture of sub-modern to modern water aquifer. The details of qualitative 

interpretation of ‘age’ for each samples are is listed in Appendix B. 

 

The relationship between tritium and oxygen-18 is shown in Figure 5.13. The use of 

tritium along with stable isotopes (2H and 18O) as stated by Morgenstern et al. (2010) was 

the most direct dating tools for groundwater because both isotopes are part of water 

molecules and ages are included during the travel time. The relationship in Figure 5.13 

has confirmed that the sources of groundwater at LKRB have experienced modern 

recharge with ages less than 5 year to 10 year except in the deep aquifer which feature a 

mixed recharge water. Surface water and shallow groundwater (Layer 1) have high tritium 

content but lower than rainfall indicate that sources of modern rainfall rapidly runoff or 

percolate into surface water bodies or rapidly infiltrates through the unsaturated zone 

before reaching the shallow aquifer. Fast transmit time will reduce the tritium decay 

process during the water travel that contain high tritium (> 2 TU) as in Figure 5.10 and 

Figure 5.11 (L1).  

 

Section 5.2.1 (stable isotopes) indicated that shallow aquifer and surface water are 

hydraulically connected in both wet dan dry seasons and in certain areas the connection 

are up to aquifer Layer 2. The presence of clay sediment with low transmissivity (Ayadi 

et al., 2016) as continuous or uncontinuous layer or lenses has influenced the mixing 

process by extending the contact time, leading to longer groundwater residence time from 

shallow to deep aquifer. The residence time of water from shallow aquifer to deep aquifer 

Univ
ers

iti 
Mala

ya



 

124 
 

 
Figure 5.14: Relationship between tritium and oxygen-18 

 

is proven (see Figure 5.13) as the tritium content decreased (< 2 TU) with depth which 

leads to the radioactivity decay and mixing of ‘young water’ (modern) with ‘old water’ 

(sub-modern). The decaying process during the water residence time does not interact 

with the aquifer materials (Ingraham, 1998). Rapidly mixed and greatly diluted water in 

Layer 2 and Layer 3 resulted in mixed water of submodern and modern water. The inter-

aquifer relationship between Layer 1, Layer 2 and Layer 3 are confirmed by the 

mixing/leaking processes (see Figure 5.11 and Figure 5.12) especially in the area of active 

groundwater abstraction by AKSB at Pasir Hor (GW11), Penyadap (GW12), Kenali 

(GW20), Kubang Kerian (GW32), Chicha (GW28), Seribong (GW21), Tanjung Mas 

(GW27), Kg. Puteh (GW1) and Perol (GW29). This abstraction activity has developed 

piezometric depression during pumping through vertical leakage or inferred lateral flow 

from the potential recharge zone (Kelly, 1997; Madioune et al., 2014).LKRB as an active 

groundwater utilization, contain recharged water of modern and mixed water. 
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 Radon (222Rn) 

Radon as a radiogenic isotope has been appraised in detail in Chapter 2 as a tracer with 

short half-life for determining the surface water – groundwater interaction. Therefore, this 

chapter will present the results of radon at LKRB. The sampling location and analysis of 

radon are described in Chapter 3. The radon activity concentration of river water and 

groundwater is listed in Appendix C. 

 

5.2.3.1 Radon (222Rn) in River Water and Groundwater 

The radon activity concentration in river water and groundwater of LKRB as tabulated 

in Appendix C is summarized in Table 5.6 for wet and dry seasons. During the wet season, 

the range of radon activity in river water is 0.19 to 0.63 Bq/L with a mean of 0.38±0.18 

Bq/L while the range of radon in groundwater is 1.83 to 11.75 Bq/L with a mean of 

5.75±3.13 Bq/L, 3.00 to 10.58 Bq/L with a mean of 7.74±2.88 Bq/L and 10.23 to 18.58 

Bq/L with a mean of 13.96±3.86 Bq/L in Laye1 1, Layer 2 and Layer 3 respectively. In 

dry season, the range of radon activity in river water is 0.10 to 0.51 Bq/L with a mean of 

0.29±0.13 Bq/L while the range of radon in groundwater is 2.77 to 12.50 Bq/L with a 

mean of 6.47±3.68 Bq/L, 4.03 to 14.29 Bq/L with a mean of 7.63±3.98 Bq/L and 6.52 to 

16.44 Bq/L with a mean of 11.08±4.42 Bq/L in Layer 1, Layer 2 and Layer 3 respectively. 

In general, the radon activity in river water is relatively lower in several orders of 

magnitude than groundwater as listed in Table 5.6. The highest radon concentrations are 

measured at SW7 with 0.60 Bq/L and SW2, 0.51 Bq/L during wet and dry season 

(Appendix C). It is noticed that radon activity in groundwater varies considerably between 

aquifer layers.  
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The distribution of radon concentration in groundwater depends on the emanation 

potential of the soils, transport processes in groundwater and outgassing to the atmosphere 

(Grolander & Kärnbränslehantering, 2009). Beside that, fracture density and the presence 

of the radioactive minerals in the host rock play significant roles in the dissolution of 

radon in groundwater (Choubey et al., 2003; Grolander & Kärnbränslehantering, 2009; 

Najeeb et al., 2014). During wet season, high radon concentrations are measured at GW1 

with 11.75 Bq/L, GW42 with 10.58 Bq/L and GW29 with 18.42 Bq/L for Layer 1, Layer 

2 and Layer 3 aquifers, respectively. The highest concentration of radon during dry season 

is measured at GW2 with 12.50 Bq/L, GW20 with 14.29 Bq/L and GW33 with 16.44 

Bq/L for Layer 1, Layer 2 and Layer 3 aquifers, respectively. The mean concentration of 

radon as in Table 5.6 indicates groundwater in Layer 3 shows high concentration of radon 

compared to Layer 1 and Layer 2 aquifers.  

 

The distribution trend of radon activity with depth as shown in Figure 5.15 indicates 

no specific trend between wells depth and radon concentration. High concentration of 

radon at deeper depth is related with the position of the aquifer which is underlying by 

the metamorphic or granite bedrock (Chapter 4). U-Pb zircon analysis of Eastern province 

granitoid at Boundary Range and Noring has indicated that uranium concentration ranges 

from 660 ppm to 3200 ppm and 620 ppm to 2300 ppm (Ng et al., 2015) respectively. Saat 

et al. (2014) and Abdul Malik et al. (2015) studies water quality at selected area in West 

Malaysia have identified a few groundwater wells that contains high radon concentration 

above the maximum contamination limit of 11.1 Bq/L by USEPA are located in granitic 

rock. Thus, emanation of radon from the radium decay of host rock rich uranium minerals 

enriched the dissolvability of radon in the aquifer (Najeeb et al., 2014). 
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Figure 5.15: Distribution of radon activities in groundwater with depth (dry and wet 

season) 
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Table 5.6: Statistical summary of radon activities on February 2014 and June 2015 

Radon 
Activity 
(Bq/L) 

n 

February 2015 June 2015 

SW 

9 

GW(L1) 

8 

GW(L2) 

6 

GW(L3) 

4 

SW 

9 

GW(L1) 

8 

GW(L2) 

6 

GW(L3) 

4 

Minimum 0.19 1.83 3.00 10.23 0.10 2.77 4.03 6.52 

Mean 0.38 5.75 7.74 13.96 0.29 6.47 7.63 11.08 

Maximum 0.63 11.75 10.58 18.42 0.51 12.50 14.29 16.44 

Standard 
deviation 0.18 3.13 2.88 3.86 0.13 3.68 3.98 4.42 

n: number of samples 
 

5.2.3.2 Connectivity between River Water and Groundwater 

The indication to evaluate the interaction between river water and groundwater at 

LKRB is qualitatively according to the radon activity concentration measured in the river 

and groundwater samples. The spatial distribution of radon activity is shown in Figure 

5.16 and Figure 5.17 for both season. There is no general trend in spatial distribution 

between both season of river water and groundwater concentration even though the 

samples during wet season are collected after the flood event occurred at LKRB. Different 

locations will have different radon concentrations.  

 

Figure 5.18 shows that all river water samples have radon activity concentration below 

1 Bq/L during wet and dry seasons. It can obviously be seen that groundwater has high 

concentration in contrast to river water. The availability of radon activity in river water 

indicates groundwater inflow (discharge) into the river in both seasons because river 

water is not directly in contact with the solid materials to the extent of the groundwater 

(Grolander & Kärnbränslehantering, 2009), or it may also come from the emanation of 

radon from the sediment in the hyporheic zone (Cook et al., 2006). The low input of 

shallow groundwater (see Figure 5.16 and Figure 5.17) that discharged into the river water 
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Figure 5.16: Spatial distribution of radon activity concentration in river water (SW) and 

groundwater (L1, L2 and L3) (wet season) 
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Figure 5.16, continued. 
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Figure 5.17: Spatial distribution of radon activity concentration in river water (SW) and 

groundwater (L1, L2 and L3) (dry season) 
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Figure 5.17, continued. 
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has led to the low radon activity in the river caused by the radioactive decays and was 

quickly lost through outgassing processes to the atmosphere which was favoured by the 

turbulent current in river (Bertin & Bourg, 1994; Stellato et al., 2008).  

 

The infiltrated water (recharge) from rainfall and surface water to the shallow aquifer 

will dilute the radon and lower its concentration in aquifer especially during heavy 

rainfall, since rainwater is low in radon concentration (Bertin & Bourg, 1994). However, 

considering the similarity trends during wet and dry seasons, it can be said that during the 

infiltration, radon emanates from soil in the unsaturated zone will enriched the radon 

concentration in water. The low radon in groundwater is possibly due to the infiltration 

process in which river loses water to the aquifer (Hoehn & von Gunten, 1989; Baskaran 

et al., 2009). It takes approximately 30 days for radon in aquifer to reach equilibrium 

(steady state) condition in contact with the surrounding soil (Bertin & Bourg, 1994; 

Grolander & Kärnbränslehantering, 2009). The river recharge and groundwater discharge 

give an important indication of the connectivity between river water and groundwater 

inferred at LKRB in both seasons by using radon as a tracer.  
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Figure 5.18: Radon activities in river water (SW) and groundwater (GW) (dry and wet 

season).  
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 Hydrogeochemical (HC) 

5.2.4.1 Hierarchical Cluster Analysis (HCA) 

A long-term hydrochemistry data set from 1989 to 2012 was used to evaluate the 

hydrogeochemical evolution of shallow groundwater aquifer using multivariate statistical 

of hierarchical cluster analysis (HCA). The analysis results of 27 monitoring wells with 

12 variables are presented in dendrogram as shown Figure 5.19.  

 

The classification of the wells into clusters was based on visual observation of the 

dendrogram. By using the Euclidean distance as a distance measure and Ward’s method 

as a linkage, the most distinctive groups can be produced. The phenon line was drawn 

across the dendrogram at a linkage distance of about 12. Thus, wells with a linkage 

distance lower than 12 are grouped into the same cluster. Therefore, the phenon line is 

the benchmark in separating the dendrogram into four (4) clusters of C1 to C4. Gu¨ler et 

al. (2002) stated that fewer or greater numbers of clusters could be defined by moving the 

position of the phenon line up or down on the dendrogram. This subjective evaluation 

made HCA a semi objective method applied for classification.  

 

Table 5.7 shows descriptive statistics of each cluster of shallow groundwater using 

median values of twelve (12) variables and physical characteristics. Facies for each 

cluster are determined using major ions and represented using Stiff diagrams while an 

elevated median concentration of minor and trace constituents indicating a unique 

characteristic of the clusters is stated in Figure 5.19. The four clusters show two main 

prevalent facies of Na–HCO3 (C1 and C3) and Ca–HCO3 (C2 and C4) with slightly 

distinctive geochemical groups of shallow groundwater wells.  
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Figure 5.19: Dendrogram of the shallow groundwater wells, showing the division into 

four clusters and the median concentration Stiff diagram of each cluster 

 

Cluster 1 (C1) is characterized by the lowest concentration of most major ions: Ca2+, 

Mg2+, Na+, K+, HCO3
-, plus with Fe2+, Mn2+, pH, conductivity and TDS, while C3 has 

elevated concentrations of Na+, Cl-, SO4
2- and NO3

- with the lowest concentrations of 

Mn2+. C2 is indicated by an elevated concentration of Fe2+, and NH4 with lowest Cl-, SO4 

2- and NO3
-, while C4 is characterized by elevated concentrations of Ca2+, Mg2+, K+, 

HCO3
- Mn2+ And SiO2, as well as high pH, TDS and electrical conductivity (EC). 

 

5.2.4.2 Groundwater Clusters and Facies Group 

Figure 5.20 shows the spatial distribution of groundwater wells while Figure 5.21 

presented the Piper diagram of groundwater wells, both are labelled according to the 

respective clusters. An envelope of groundwater wells group facies is drawn on the Piper 
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Table 5.7: Hydrochemical and physical characteristic of each cluster  

Parameters C1 C2 C3 C4 

N: 16 4 5 2 

Ca2+ 4.70 8.70 9.10 29.50 

Mg2+ 2.05 3.35 3.50 12.50 

Na+ 8.70 9.85 21.00 18.05 

K+ 1.80 2.90 5.05 5.58 

HCO3
- 26.50 55.75 37.00 183.50 

Cl- 9.00 7.50 18.50 7.75 

SO4
2- 5.00 3.75 11.50 5.13 

NO3
- 2.00 1.88 7.00 4.50 

Fe 2.00 15.25 0.75 2.53 

Mn 0.10 0.28 0.10 0.30 

NH4 0.25 0.38 0.25 0.13 

SiO2 18.29 23.60 14.50 34.51 

pH 6.50 6.63 6.60 7.35 

Electrical Conductivity, EC (μS/cm) 90.00 138.75 155.00 326.25 

Total Dissolved Solid (TDS) 90 143 136 219.5 

HCO3
-/SiO2 1.37 1.54 3.02 5.29 

(Na+K-Cl)/(Na+K-Cl+Ca) 0.37 0.38 0.40 0.30 

Mg/(Ca+Mg) 0.44 0.38 0.44 0.44 

CAlI -0.69 -2.55 -0.44 -3.53 

SI (Anhydrite) -4.12 -4.01 -3.41 -3.50 

SI (Aragonite) -3.05 -2.43 -2.37 -0.59 

SI (Calcite) -2.90 -2.28 -2.23 -0.44 

SI (Chalcedony) 0.10 0.17 -0.01 0.37 

SI (Dolomite) -5.74 -4.55 -4.45 -0.94 

SI (Goethite) 6.46 7.83 6.48 8.86 

SI (Gypsum) -3.89 -3.77 -3.17 -3.26 

SI (Halite) -8.60 -8.55 -7.91 -8.46 

SI (Hematite) 14.90 17.65 14.95 19.70 

SI (Pyrite) -86.18 -87.67 -86.94 -100.12 

SI (Siderite) -0.98 0.33 -1.75 0.40 

Median concentrations in mg/L, N: number of samples, Bold: highest values, italics: lowest values 
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diagram for comparison. The groundwater wells are scattered among the different facies 

on the Piper diamond shape and mainly given Na–HCO3 and Ca–HCO3 facies,wells facies 

are also shown as reference for a clear classification of groundwater in which Na–HCO3 

facies of water quality can be made. Table 5.8 simplifies the relationship between clusters 

and facies of groundwater wells. Most of the groundwater wells from C1 to C3 belong to 

G2 (Na–HCO3), while C4 represents a mixture of G1 (Ca–HCO3) and G2 (Na–HCO3). 

Therefore, a connection between groundwater well clusters and group facies are apparent 

as in HCA. Major ions are also considered as the most important ions that controls the 

hydrogeological setting of the basin. The ability of HCA to show the presence of minor 

and trace elements could help in recognizing the distinct minor elements signature related 

to geological formations. 

 

 
Figure 5.20: Spatial distribution of groundwater wells according to clusters 
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Figure 5.21: Piper diagram of wells according to respective clusters 

 

Table 5.8: Relationship between wells cluster and facies 
 

 

 

 

 

 

 

 

5.2.4.3 Hydrogeochemical Evolution 

The regional spatial distribution shows that shallow groundwater is evolving from Ca–

HCO3 to Na–HCO3 facies. The Ca–HCO3 facies is characterized as fresh groundwater 

at/or close to recharge areas in the general flow regime. Ca–HCO3 facies are often 

associated with carbonate mineral and/or incongruent silicate mineral weathering 

Clusters 

Groups 

N total G1 

(Ca-HCO3) 

G2 

(Na-HCO3) 

G3 

(Ca-SO4) 

G4 

(Na-Cl) 

C1 3 12 0 1 16 

C2 1 2 1 0 4 

C3 0 4 0 1 5 

C4 1 1 0 0 2 

N total 5 19 1 2  Univ
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(Drever, 1988; Appelo & Postma, 2005). Na–HCO3 groundwater facies result from the 

interaction or mixing of groundwater influenced by two processes of mineral dissolution. 

Incongruent weathering of albite and related plagioclase feldspars have the potential to 

result in Na–HCO3 compositional groundwater facies.  

 

A Gibbs diagram (Gibbs, 1970) in Figure 5.22 and Figure 5.23 are plotted in the TDS 

concentration as a function of the weight ratio of Na/(Na + Ca) and Cl/(Cl + HCO3) to 

provide information of three major important natural mechanisms controlling the 

hydrogeochemical evolution of groundwater: (1) atmospheric precipitation dominance, 

(2) rock dominance and (3) evaporation and fractional crystallization dominance. The 

TDS spreads from low to high with a small variation of concentration. All clusters in 

Figure 5.22 and Figure 5.23 show that rock weathering and precipitation are the dominant 

mechanisms controlling the hydrogeochemical evolution of shallow groundwater in the 

study area. Cluster C1 and C3 samples are influenced by the precipitation and freshening, 

which correspond to recently infiltrated recharge or mixed to intermediate facies 

(Ghesquiere et al., 2015). Cluster C2 and C4 samples are more influenced by water–rock 

interaction. 

 

The molar ratio of HCO3
-/SiO2 in Table 5.7 also shows that C1 to C3 clusters have 

ratios <5, which indicates silicate weathering while C4 is ambiguous. If the ratio is >10 

(HCO3
- >> SiO2), carbonate weathering is predominant in the area. The saturation indices 

in Table 5.7 show that calcite, aragonite and dolomite (SI<0) are undersaturated, 

suggesting their absence in the formation and/or not enough time to interact (Wirmvem 

et al., 2013).  
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Figure 5.22: Plot TDS versus Na/(Na+Ca) 

 

 
Figure 5.23: Plot of TDS versus Cl/(Cl+HCO3) 

 

The Na/Cl ratio in Figure 5.24 is relatively higher than seawater (0.86) (Hounslow, 

1995; Millero et al., 2008). The Na/Cl ratio, which is approximately equal to 1, is usually 

attributed to halite dissolution, whereas >1 is typically interpreted as reflecting Na+ 

released from silicate weathering reactions (Fisher & Mullican, 1997; Cendon et al., 

2010). This ratio suggests that the excess of Na+ is likely from silicate weathering of 

feldspar or plagioclase and not from the dissolution of halite. Based on the (Na+ 
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K+Cl)/(Na+K+Ca + Cl) ratios in Table 5.7, the source of Na+, K+ and Ca2+ for all clusters 

is likely from plagioclase weathering.  

 

 
Figure 5.24: Plot of Na versus Cl 

 

The Mg/(Ca+Mg) ratio indicates that sources of Ca2+ and Mg2+ are mostly from 

ferromagnesian minerals, with a few from dolomite and granitic weathering. Table 5.7 

shows that all clusters are supersaturated (SI>0) with respect to hematite and goethite 

while undersaturated (SI<0) with respect to pyrite and siderite. Under an oxidative 

environment, the Fe2+ is released during dissolution and is precipitated as iron oxide and 

oxyhydroxides. This indicates that precipitation of iron phases from aquifer layers is 

thermodynamically favorable. Hematite precipitates more because it is more stable as 

compared to goethite. Groundwater is undersaturated with respect to major iron phase of 

pyrite and siderite. Therefore, iron remains dissolved after mobilization. Under an anoxic 

environment, the pyrite dissolves and is followed by partial oxidation that reflects the 

increase in Fe2+ and SO4
2- in the groundwater. 
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The relationship between (HCO3+SO4) and (Ca+Mg) in Figure 5.25 shows that most 

of the cluster samples fall along and below the equiline, indicating the influence of silicate 

weathering. If samples fall above the 1:1 line, they reflect the effect of carbonate and 

sulfate mineral dissolution (Yidana & Yidana, 2010; Yu et al., 2012). Figure 5.26 

indicates that the concentrations of sulfate and bicarbonate are affected by dissolution of 

silicate minerals.  

 

 
Figure 5.25: Plot of Ca+Mg versus HCO3+SO4 

 

Thus, the Gibbs diagram as well as the ratios HCO3/SiO2, (Na + K + Cl)/(Na + K/Ca 

+ Cl), Mg/(Ca + Mg) and (HCO3 + SO4) and (Ca + Mg) strongly indicates incongruent 

weathering of silicate minerals (water–rock interaction) as the main control on 

hydrogeochemical evolution, in agreement with the geology. Equations 5.1–5.5 show the 

silicate weathering products: 

 
2NaAlSi3O8+2CO2+11H2O  Al2Si2O5(OH)4 +2Na++2HCO3

-+4H4SiO4     (5.1) 
        Albite                                                                 Kaolinite 

2NaAlSi3O8+2CO2+6H2O  Al2Si2O10(OH)2 +2Na++ HCO3
-+4H4SiO4     (5.2) 

        Albite                                                           Montmorilonite 

CaAlSi3O8+2CO2+3H2O  Al2Si2O5(OH)4 +Ca2++ 2HCO3
-         (5.3) 

      Anothite                                                         Kaolinite 
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2KMg3AlSi3O10(OH)2+14CO2+15H2O  Al2Si2O5(OH)4 +2K++ 6Mg2++14HCO3
- 

             Biotite                                                                                          Kaolinite
 

+4H4SiO4                          (5.4) 
2KMg3AlSi3O10(OH)2+14CO2+10H2O  Al2Si2O10(OH)2 +2K++ 6Mg2++14HCO3

- 

             Biotite                                                                                     Montmorilonite 

+4H4SiO4                          (5.5) 
 

Ion exchange between the groundwater and its host environment during residence or 

travel time can be understood by studying the chloro-alkaline indices (Table 5.7), i.e., 

CA-I [Cl - Na + K]/Cl, where all ions are expressed in meq/L (Schoeller, 1965, 1967; 

Gupta et al., 2008; Marghade et al., 2012). Na+ and K+ ions in water are exchanged with 

Mg2+ and Ca2+ ions, in which if the indices are positive, it indicates a base exchange 

reaction, whereas negative values indicate chloro-alkaline disequilibrium. The reaction is 

known as cation exchange. During the process, the host rocks/aquifer materials are the 

primary sources of dissolved solids in the water. The Schoeller indices of groundwater 

sample clusters in Table 5.7 reveal that cation exchange (chloro-alkaline disequilibrium) 

exists in all clusters. Clay minerals exhibit a preference for ions occupying an exchange 

site. Kaolinite appears as a dominant clay mineral in the aquifer as studied by (Noor, 

1980). The cation exchange process effectively increases the Na+ concentrations at the 

expense of Ca2+ and Mg2+ as shown in Equations 5.6–5.8.  

 

Ca2+ + 2Na _ X 2Na+ + Ca - X                  (5.6) 

Ca2+ +Mg _ X  Mg2+ + Ca – X                 (5.7) 

Na-X is Na adsorbed onto a clay mineral 

Mg2+ + 2Na - X  2Na+ + Mg – X                 (5.8) 

 

The weight ratio of Na/(Na + Ca) in Figure 5.22 varies significantly with a small 

variation of TDS, supporting the conclusion that cation exchange also plays a role by 

increasing Na and decreasing Ca under the background of rock dominance. During the 
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cation exchange process, the TDS values do not change significantly because 2 mmol/L 

of Na+ is released by 1 mmol/L Ca2+ exchange, and the weight of 1 mmol/L of Ca2+ (40 

mg/L) is nearly equal to that of 2 mmol/L of Na+ (46 mg/L) (Liu et al., 2015). 

 

In addition, a plot of (Ca + Mg)–(HCO3+SO4) versus Na–Cl (Figure 5.26) is used to 

determine the significance of base exchange in enhancing the water chemistry. If cation 

exchange is the most significant process in the system, the water should form a line with 

a slope of -1 (Rajmohan & Elango, 2004; Adomako et al., 2011). The diagrams show that 

all the clusters of groundwater samples give a line with a slope of -1.0287. This confirms 

that Ca, Mg and Na concentrations are interrelated through cation ion exchange.  

 

Precipitation and river bank infiltration bring recharge into the groundwater system 

from the inland part of the study area. Infiltration of recharge water into the aquifer layers 

is very common, especially when there are no impermeable layers of clay overlying the 

unconfined aquifer. In some parts, the unconfined aquifer may represent a recharge for 

deeper aquifer systems. As the water recharges, CO2 rapidly dissolves (Freeze & Cherry, 

1979) in aquifer layers where CO2 provides the required acid condition for silicate mineral 

weathering (Yidana et al., 2012). The dissolution of CO2 also occurs in soil at partial 

pressures larger than the atmospheric value, which is primarily caused by root and 

microbial respiration (Domenico & Schwartz, 1990) as shown in Equation 5.9–5.11. This 

process will increase the HCO3
- in groundwater. The main contributor of HCO3

- is from 

the hydrolysis of silicate weathering (Equation 5.1–5.5) as shown in Figure 5.25 as an 

active process in the groundwater flow system. 
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CO2 (g) + H2O  H2CO3                    (5.9) 

H2CO3  HCO3 + H+                       (5.10) 

HCO3
-
 CO3

2- + H+                        (5.11) 

 

 
Figure 5.26: Plot of (Ca+Mg)-(HCO3+SO4) versus HCO3+SO4 

 

5.3 LKRB Groundwater Recharge Estimation Rates 

 Chloride Mass Balance (CMB) 

Reviews on CMB method have been discussed in Chapter 2 as one of the successful 

methods used to estimate groundwater recharge. Chapter 3 provided the details of 

sampling location, analysis and the methodology of the CMB method. 

 

5.3.1.1 Chloride in Rainwater  

Chloride deposition as reviewed in Chapter 2 is one of the sources of chloride in 

hydrological system. It can be in the form of dry and wet depositions. According to 

Eriksson (1959, 1960) cited in (Guan et al., 2010) around 10% of chloride from the sea 

salt aerosols moved on the land surface and deposited within 100 km from the coastal 

area. The deposition decreased from coast to inland (Ten Harkel, 1997). The amount of 

chloride deposition on the land surface is influenced by the coastal distance, elevation 
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and terrain aspect, slope, wind speed, rainfall (intensity and amount) and aerosol size 

(Guan et al., 2010; Bresciani et al., 2014). Dry deposition to a spruce forest canopy has 

velocity 1 to 2 cm/s with aerosol size of 2 to 5 um in diameter while the size can exceed 

20 um with velocity over 3.5 cm/s to an open field area (Deng et al., 2013).  

 

There were no data of chloride via dry deposition has been recorded at LKRB. The 

only source of chloride deposition is from the rainwater. It is believed that with high 

amount of rainfall in the basin, dry chloride deposition (aerosol) can be rained out from 

the cloud or washed out by the falling rain drops (Guan et al., 2010). Figure 5.27 shows 

the monthly distribution of chloride concentration in rainwater collected at Kg. Puteh 

wellfield (Chapter 3) from 2012 to 2015. The highest chloride deposition was measured 

in the month of April with 10.33 mg/L and the lowest was measured in November with 

1.77 mg/L. Based on the Figure 5.27, it can be said that chloride deposition is high during 

dry season vice-versa, which indicated that circulation of south-west monsoon brings 

along high chloride aerosol to be deposited at LKRB. Since, LKRB has low terrain 

elevation (Chapter 4), most of the deposition of the chloride is likely by the rainfall 

intensity and amount as mentioned in section 5.1.2 (Stable Isotopes). This rainfall will 

naturally have rainout the dry (aerosol) onto the land surface as the rainfall event usually 

occurred as heavy downpours at LKRB. Therefore, majority of the wet chloride deposit 

is assumed to be as the total or bulk deposition even though it may fail to collect settling 

chloride aerosols properly during the sampling (Alcala & Custodio, 2008). Nolan et al. 

(2007) assumed that the wet deposition of chloride based on the available wet deposition 

data of ammonia, nitrate and sulphate was accounted on average of 92% of total 

depositions of these constitutes.  
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Figure 5.27: Monthly chloride concentration in rainwater (2012-2015) 

 

The weighted average of chloride concentration in rainwater (ClP) was calculated using 

the Equation 3.2 as in Chapter 3. Monthly distribution of chloride concentration in 

rainwater collected at Kg Puteh wellfield is shown in Figure 5.27. The weighted mean 

annual chloride, ClP concentration in rainwater is 1.18 mg/L. This value will be utilized 

later as an input parameter to estimate the groundwater recharge in section 5.3.1.3 and 

will be considered as total deposition of chloride at LKRB.  

 

5.3.1.2 Unsaturated Zone Soil Profiles  

In total there are 10 unsaturated soil samples collected within LKRB during 2013 and 

2015 sampling campaigns as shown in Figure 5.28 (detailed in Chapter 3). The soil 

samples were collected until it reached the water table that varies within location. The 

depth to water level of soil profiles ranging from 0.65 m to 1.71 m were recorded during 

2013 sampling campaign while 0.51 m to 1.96 m were recorded on 2015 sampling 

campaign as summarized in Table 5.9. The particle size distribution (%) of sand, silt and 

clay of each soil profile is shown in Figure 5.30 and Figure 5.31. In 2013, the sand particle 

ranges were from 48% to 99%, silt from 0.3% to 17% and clay from 0.12% to 35% while 
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in 2015, the particle size can be divided into two groups; group 1 had sand particle 

between 39% to 99%, silt is between 0.10% to 19% and clay is between 0.40% to 42% 

and group 2 has sand particle between 7% to 99%, silt is between 0.02% to 35% and clay 

is between 0.2% to 82% respectively as tabulated in Table 5.9. Group 1 is considered as 

an unsaturated soil profiles that contains more sandy texture covering the area of eastern 

part (S1-S4) and upper (S5) and lower (S10) of western part of the LKRB. Group 2 

contains more clayey silt in texture that covers middle area of western part (S6-S9) of the 

basin. This texture will slow the process of infiltrating rainfall into deeper zones in soil 

profiles (Liu et al., 2009). 

 

 
Figure 5.28: Soils sampling location 
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Figure 5.29: Distribution percentage of particle size in soil profiles in 2013 

 

 
Figure 5.30: Distribution percentage of particle size in soil profiles in 2015 
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Table 5.9: Summary of measured water level, chloride concentration and percentage of 

particle size in soil profiles 

Location Code 

Water 

Level 

(m) 

Chloride in 

unsaturated 

zone, Cuz 

(mg/L) 

Particle Size Distribution (%) 

Sand Silt Clay 

2013 

Alor Pulai S1 1.71 8.38-11.60 92.47-98.85 0.68-1.83 0.47-5.70 

Kg. Chap S2 0.65 13.27-17.12 48.26-98.12 0.28-17.13 1.60-34.61 

Beris 

Kubor 
S3 1.30 2.83-10.36 94.78-97.45 0.37-0.58 2.18-4.82 

Kubang 

Panjang 
S4 0.80 5.88-10.89 87.63-96.74 0.63-3.07 2.63-9.30 

Pengkalan 

Chepa 
S5 1.26 1.66-3.34 97.83-98.86 1.02-2.03 0.12-0.31 

2015 

Alor Pulai S1 1.42 2.06-13.27 91.42-98.47 0.39-1.95 1.02-6.63 

Kg. Chap S2 0.51 1.40-7.63 39.05-99.53 0.10-19.44 0.37-41.51 

Beris 

Kubor 
S3 1.5 0.21-15.04 93.44-97.14 0.22-0.50 2.54-6.12 

Kubang 

Panjang 
S5 1.13 0.53-17.60 78.91-98.39 0.16-6.34 1.45-14.75 

Bunut 

Susu 
S6 1.65 0.05-10.16 43.25-98.99 0.19-18.97 0.82-51.38 

Lati S7 1.96 0.23-6.00 31.75-99.80 0.02-27.82 0.18-50.06 

Gelang 

Mas 
S8 0.76 0.57-4.97 6.61-51.90 8.10-26.56 

34.56-

81.98 

Kedai 

Tanjung 
S9 1.22 0.46-9.82 9.18-80.24 3.39-35.17 

12.56-

55.65 

Rantau 

Panjang 
S10 0.71 0.99-6.71 63.34-93.50 1.04-9.63 5.47-27.02 
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The depth distribution of chloride concentration in unsaturated soil profiles is 

presented in Figure 5.31 and Figure 5.32. The range of chloride concentration in 2013 is 

between 1.66 mg/L to 17.12 mg/L while in 2015 the range is from 0.21 mg/L to 17.60 

mg/L respectively (see Table 5.9). The presence of several peaks or through within the 

profiles could be related to the changes of chloride input due to chloride deposition or 

man-made influenced (Gaye and Edmunds, 1996). The anthropogenic effects are not 

considered in this study. During rainfall event, chloride ion percolates with infiltrating 

water into unsaturated zone. The chloride ion in porewater tends to increase with depth 

through root zone as a result of evapotranspiration because plants will exclude the 

chloride during the process and water will return to the atmosphere through bare-soil 

evaporation that is pure (Healy, 2010). The concentrated chloride in the root zone later 

will be flushed downward by infiltrating rainfall which increases the chloride in the 

deeper profiles (Huang & Pang, 2011). The downward movement and accumulation of 

chloride ion is influenced by the soil textures where profiles comprised of predominantly 

clay and silt will have slow process (Liu et al., 2009; Huang & Pang, 2011). 

 
Figure 5.31: Depth distribution of chloride concentration in soil profiles 2013 
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Figure 5.32: Depth distribution of chloride concentration in soil profiles 2015 

 

5.3.1.3 Groundwater Recharge Rate 

Equation 3.1 in Chapter 3 was used to estimate the groundwater recharge using 

chloride as a tracer by assuming that the only source of chloride is from rainfall (wet 

deposition) and there is no contribution of chloride from weathering or anthropogenic 

sources (Diouf et al., 2012). The weighted mean chloride in rainwater (see section 5.3.1.1) 

is 1.18 mg/L. The mean of chloride concentration of unsaturated soil zone in 2013 is 2.15 

mg/L to 14.91 mg/L while in 2015 the chloride concentration ranges from 1.74 mg/L to 
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6.48 mg/L, respectively as tabulated in Table 5.10. There is a decreasing trend in chloride 

concentration between 2013 and 2015 for repetition site sampling of S1 to S4. This trend  

is influenced by the sampling period that is drier during 2013 compared to 2015 which 

brings high accumulation of chloride concentration in soil profiles . 

 

By considering the annual rainfall in 2013 of 2539 mm, the site-specific recharge 

ranges from 200.94 mm/yr to 1393.00 mm/yr with 8% to 55% of annual rainfall (see 

Table 5.10). Pengkalan Chepa (S4) gives the highest percentage of recharge with 55% of 

annual rainfall while Kg. Chap (S2) gives the lowest recharge with 8% of annual rainfall. 

In 2015, the annual rainfall received was 1933 mm. Therefore, the estimated recharge 

was between 297.47 mm/yr to 1046.04 mm/yr with 15% to 68% of annual rainfall as 

tabulated in Table 5.10. The highest percentage of recharge was S7 at Lati with 68% of 

annual rainfall while the lowest recharge was S5 at Kubang Panjang with 15% of annual 

rainfall. The results indicated that recharge were vary within locations at LKRB.  

 

Figure 5.33 presents the spatial distribution percentage of recharge while details 

estimation are tabulated in Table 5.11. The percentage of annual recharge varies within 

the LKRB with 13% to 68% of annual rainfall with a mean of 36%. The distribution of 

recharge can be separated into the centre area of the western part that shows high recharge 

percentage ranging from 40% to 68% of rainfall while the eastern part that includes the 

upper and lower area of western part shows low recharge percentage with 13% to 32% of 

annual rainfall respectively. The mean recharge  estimated in this study is within the range 

of humid tropical of 15% to 47% of the annual rainfall as studied by Tesfaldet et al. (2019) 

at Phuket, Thailand and Takounjou et al. (2011) at Yaounde, Cameroon. 
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Table 5.10: Summary of groundwater recharge estimation 

Location Code 

"Mean 

chloride in 

unsaturated 

zone, Cuz 

(mg/L)" 

Mean 

weighted 

chloride in 

rainwater 

CP (mg/L) 

Rainfall 

(mm) 

Recharge 

(mm/yr) 

Percent 

of 

Rainfall 

(%) 

2013 

Alor Pulai S1 10.38 

1.18 2538.97 

288.65 11 
Kg. Chap S2 14.91 200.94 8 
Beris 
Kubor 

S3 8.54 350.80 
14 

Pengkalan 
Chepa 

S4 2.15 1393.00 55 

Kubang 
Panjang 

S5 8.56 349.84 
14 

2015 
Alor Pulai S1 4.58 

1.18 1932.56 

498.21 26 
Kg. Chap S2 3.71 614.67 32 
Beris 
Kubor 

S3 6.48 351.92 18 

Kubang 
Panjang 

S5 7.67 297.47 15 

Bunut 
Susu 

S6 2.18 1046.06 54 

Lati S7 1.74 1310.59 68 
Gelang 
Mas 

S8 2.07 1101.30 57 

Kedai 
Tanjung 

S9 2.97 767.82 40 

Rantau 
Panjang 

S10 3.72 612.48 32 
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Figure 5.33: Spatial distribution of recharge (% of rainfall) 
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Table 5.11: Mean groundwater recharge estimated from different location 

Location Code 

"Mean 

chloride in 

unsaturated 

zone, Cuz 

(mg/L)" 

Mean 

weighted 

chloride in 

rainwater, 

CP (mg/L) 

Rainfall 

(mm) 

Recharge 

(mm/yr) 

Percent 

of 

rainfall 

(%) 

Alor Pulai S1 7.48 

1.18 

2235.77 352.70 16 

Kg. Chap S2 9.31 2235.77 283.37 13 

Beris 

Kubor 
S3 7.51 2235.77 351.29 16 

Pengkalan 

Chepa 
S4 2.15 2538.97 1393.00 55 

Kubang 

Panjang 
S5 8.12 2235.77 324.90 15 

Bunut 

Susu 
S6 2.18 1932.56 1046.06 54 

Lati S7 1.74 1932.56 1310.59 68 

Gelang 

Mas 
S8 2.07 1932.56 1101.30 57 

Kedai 

Tanjung 
S9 2.97 1932.56 767.82 40 

Rantau 

Panjang 
S10 3.72 1932.56 612.48 32 

Mean 754.35 36 
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 Water Table Fluctuation (WTF) 

Water table fluctuation is one of the method that is frequently applied in estimating 

groundwater recharge all over the continent. It has been briefly reviewed in Chapter 2. 

The methodology of the WTF has been given in detail in Chapter 3 while the data related 

with WTF are listed in Appendix D for comparison and interpretation of groundwater 

recharge rate. 

In total, 14 MGD monitoring well sites as shown in Figure 5.34 are selected to be used 

for WTF method in estimating recharge rate. All well sites are in shallow aquifer (L1) 

with depth ranges from 9.4 m to 17 m as tabulated in Table 3.2. This monitoring wells 

have been selected based on long-term groundwater level data availability. Only 

monitoring wells with 96 % and 100 % of completed data are used to estimate the 

groundwater recharge. These data are selected according to water year which start from 

May to April. Seven water years were identified which are 1991-1992, 1992-1993, 1993-

1994, 1994-1995, 2000-2001, 2004-2005 and 2007-2008 respectively. 

 

Figure 5.35 shows the relationship between groundwater level of monitoring wells 

with rainfall event at LKRB from 1991 to 2008. The fluctuation of groundwater level 

responds well with the monthly amount of rainfall received in the basin where the pattern 

of groundwater level’s rise during the high monthly rainfall can be seen through Figure 

5.35. In general, the range of each groundwater level at sites is between -5.36 m to 5.53 

m with a mean of –2.20 m to 3.18 m. The highest monthly rainfall is usually received in 

November and December where the north-east monsoon begins (Chapter 4) and caused 

flooding in several area of the basin. During the rainfall infiltration through the 

unsaturated zone, possible entrapment of air within the unsaturated zone can cause the 

Lisse effect at a depth of less than 1.3 m (Healy & Cook, 2002; Weeks, 2002; Crosbie et 

al., 2005). However, this effect can be negligible within the basin as most of the 
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groundwater fluctuates are above 1.3 m below the ground surface and the effect is less in 

the coastal sandy environment .  

 

 
Figure 5.34: Location of MGD monitoring well sites 

 

5.3.2.1 Groundwater Level Hydrograph 

Groundwater level hydrographs were created to illustrate the recession curve using 

graphical approach (Delin et al., 2007) as mentioned in section 3.6.2. The hydrograph is 

plotted according to the monthly groundwater level data. An example of well hydrograph 

for one of the monitoring wells at LKRB is shown in Figure 5.36. The groundwater level 

rise (Δh) is determined from the different peak of rise and the extrapolated low point of 

the antecedent recession at time of peak. The estimated values of groundwater rise (Δh) 

will be used later to calculate the groundwater recharge rate in section 5.3.2.3. 
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Figure 5.35: Mean monthly precipitation and groundwater level (m.m.s.l) 
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Figure 5.36: Example hydrograph of shallow well at GW37 

 

The groundwater level rise of each monitoring well is presented in Table 5.12. Details 

of the high and low peak of monitoring wells hydrograph are tabulated in Appendix D. 

The range groundwater level rise (Δh) for water cycles WY1, WY2, WY3, WY4, WY5, 

WY6 and WY7 are from 1.50 m to 4.44 m with a mean of 2.80±0.80 m, 1.31 m to 3.45 

m with a mean of 2.18±0.67 m, 2.26 m to 4.12 m with a mean of 3.12±0.63 m, 2.81 m to 

5.24 m with a mean of 3.97±0.96 m, 2.12 m to 3.27 m with a mean of 2.52±0.37 m, 1.37 

m to 4.63 m with a mean of 2.46±0.84 m and 1.91 to 3.69 m with a mean of 2.63±0.63 m 

respectively as shown in Figure 5.37. WY4 shows a high ranges of groundwater level rise 

compared to other water years since it received high annual rainfall of 3520 mm (see 

section 5.3.2.3).  
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Table 5.12: Groundwater level fluctuation of wells at different water cycles 

Code WY1 WY2 WY3 WY4 WY5 WY6 WY7 

GW37 3.21 1.91 3.36   2.61     

GW38 2.78 3.11 3.28 5.09 3.27 2.89   

GW39 3.91 3.12 4.12 4.12 2.35 2.61 2.98 

GW40 2.02 1.8 2.26 2.81 2.12 2.61 1.91 

GW41 3.26 2.2 3.04 2.82 2.43 2.11 2.69 

GW42 3.11 2.33 3.05 4.6 2.40 2.26 2.27 

GW43 2.38 1.62 2.66 3.45   1.37   

GW44 2.58 1.54 2.58 3.97   1.68   

GW45 2.92 2.04 3.19 5.24       

GW46 3.1 2.59 3.92 5.23 2.40     

GW47 4.44 3.45 4.11 4.49 2.58 2.42 3.69 

GW48 1.78 1.38 2.74 2.9 2.15 2.01 2.02 

GW49 1.5 1.31   3.13 2.43 3.24 

GW50 2.27 2.17 2.3 2.97 2.25 4.63 2.27 

 

 
Figure 5.37: Groundwater level rise of different water year 
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5.3.2.2 Specific Yield (Sy) 

The specific yield (Sy) values reported at LKRB ranges from 0.06 to 0.30 (Noor, 1980; 

Awadalla et al., 1989; Sofner, 1992) as shown in Table 5.13. Based on the range values, 

0.15 will be used later to estimate recharge. 

 

Table 5.13: Estimated specific yield by previous study 

Study Specific Yield (Sy) 

Noor (1980) 0.06 

Awadalla et al. (1989) 0.1 

Sofner (1992) 0.2-0.3* 
* effective porosity can be of as equivalent to specific yield 

 

5.3.2.3 Groundwater Recharge Rate 

Recharge for each monitoring well was estimated using Equation 3.3 (see section 

3.6.2). This value is calculated by multiplying the groundwater level rise (Δh) listed in 

Table 5.12 with the specific yield value of 0.15. Later, the recharge values will be 

calculated as the percentage of water year annual rainfall. The water year annual rainfall 

of WY1, WY2, WY3, WY4, WY5, WY6 and WY7 are 2382 mm, 2297 mm, 2895 mm, 

3521 mm, 3509 mm, 2590 mm and 2426 mm, respectively as shown in Figure 5.38 with 

mean of 2803 mm. The highest rainfall is gained during WY4 while the lowest rainfall is 

during WY2. 

 

Based on the water year cycles of WY1, WY2, WY3, WY4, WY5, WY6 and WY7 as 

presented in Figure 5.39, the range of groundwater recharge rate are from 225 to 666 

mm/yr representing 11% to 28% of  annual rainfall, 197 to 518 mm/yr representing 9% 

to 23% of annual rainfall, 339 to 618 mm/yr representing 12% to 21% of annual rainfall, 

422 to 786 mm/yr representing 12% to 22% of annual rainfall, 319 to 490 mm/yr 
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representing 9% to 14% of annual rainfall, 206 to 694 mm/yr representing 8% to 27% of 

annual rainfall 

 

 
Figure 5.38: Water year annual rainfall at LKRB 

 

and 287 to 554 mm/yr representing 12% to 23% of annual rainfall, respectively. The 

largest and smallest recharge values are estimated at monitoring well sites of GW47 and 

GW49 for WY1, GW47 and GW49 for WY2, GW39 and GW40 for WY3, GW45 and 

GW40 for WY4, GW38 and GW40 for WY5, GW50 and GW43 for WY6 and lastly 

GW47 and GW40 for WY7, respectively as shown in Figure 5.40. Details of the estimated 

recharge for each monitoring well at different water years are tabulated in Appendix D.  

 

The spatial distribution mean recharge of monitoring well sites based on average of all 

water years is presented in Figure 5.41. The estimated groundwater recharge ranges from 

321 mm/yr to 540 mm/yr with a mean annual recharge of 425±79 mm/yr representing 

Univ
ers

iti 
Mala

ya



 

165 
 

11% to 19% with 15% of the long term mean annual rainfall (2790 mm) in the basin as 

tabulated in Table 5.14.  

 

 
Figure 5.39: Box plot groundwater recharge (mm/yr) at different water year 

 

 
Figure 5.40: Annual groundwater recharge at different monitoring wells 
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Figure 5.41: Spatial distribution of groundwater recharge (% of rainfall) 

 

Table 5.14: Summary of estimated groundwater recharge (mm/yr and %) 

Code  Rainfall (mm) 
Recharge 
(mm/yr) 

Percent of 
rainfall (%) 

GW37 2771 416 15 
GW38 2866 510 18 
GW39 2803 497 18 
GW40 2803 333 12 
GW41 2803 398 14 
GW42 2803 429 15 
GW43 2737 345 13 
GW44 2737 370 14 
GW45 2774 502 18 
GW46 2921 540 18 
GW47 2803 540 19 
GW48 2803 321 11 
GW49 2641 348 13 
GW50 2803 404 14 
Mean 2790 425±79 15 
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The finding mean recharge of 15% annual rainfall is considered similar within the 

ranges reported for part of humid area of Pampa plain, Argentina, with a range of 4% to 

33% of annual rainfall and a mean of 14% and 18% at different Sy of 0.07 and 0.09, 

respectively (Varni, 2013), Takounjou et al. (2011) at Younde, Cameroon, which has a 

recharge that ranges from 1.4% to 12.3% with a mean 5.7% of annual rainfall and mean 

recharge of 20% annual rainfall was estimated for both Holocene and Pleistocene aquifer 

at Hanoi, Vietnam .(Hung Vu & Merkel, 2019). 

 

 Temperature-Depth Profile (TDP) 

Temperature-depth profile (TDP) as briefly reviewed in Chapter 2 has been 

demonstrated as an excellent heat tracer to comprehend the water movement in 

subsurface. The sampling locations and methodology of analysis are described in Chapter 

3. 

 

5.3.3.1 Surface Air Temperature 

Over the last 20th century, the increase in surface air temperature is not only attributed 

by the global climate change but also the rapid development in urban area (Taniguchi & 

Uemura, 2005; Taniguchi, 2006; Huang et al., 2009; Gunawardhana & Kazama, 2012; 

Colombani et al., 2016; Dong et al., 2018). Hansen and Lebedeff (1987) in their studied 

on global trends of surface air temperature have indicated that global warming magnitude 

is about 0.5°C/100 years. While, Huang et.al., (2000) estimated the same value of 

0.5°C/100 years of increasing surface temperature using the borehole temperature data. 

In Bangkok, the record increased was 3.3°C/century from 1950 to 2005 while in Tokyo, 

the increased was 2.0°C/century from 1921 to 2010 and 2.2°C/century from 1926 to 2010 

was recorded at Sendai, Japan (Taniguchi, 2006).  

 

Univ
ers

iti 
Mala

ya



 

168 
 

The annual means of air temperature and rainfall from 1968 to 2015 in the Kota Bharu 

Meteorological Station are 27.0°C and 2619 mm, respectively (Figure 5.42). A linear 

trend of increasing in air temperature can be seen from the figure with increament by 0.76 

°C/47 years (R2 of 0.431). This long-term record for the past 47 years show a warming 

trend that follows the general trend of global warming (Hansen et al., 2010). The increase 

of local warming trends is influenced by the urbanization process especially in Kota 

Bharu area where the growth of the urban population resulted in redevelopment of 

agricultural land for urban used. The alternation in diurnal and seasonal surface air 

temperature strongly correlated with the shallow subsurface temperature variations 

especially in urban area and this is referred as ‘urban heat island’ (UHI) (Ferguson & 

Woodbury, 2004; Huang et al., 2009; Gunawardhana & Kazama, 2012). According to 

Figure 5.42, there was no significant trend in the annual rainfall with increased of air 

temperature. However, any anomalous annual rainfall amount might disturb the 

subsurface temperature by changing the groundwater recharge/discharge rates (Dong et 

al., 2018).  

 

 
Figure 5.42: Annual air temperature and rainfall at Kota Bharu station from 1968 to 2015 
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5.3.3.2 Subsurface Temperature 

In total 21 DMG monitoring wells are used for subsurface temperature profiles studies 

as shown in Figure 5.43 at depth interval of 1 m measurement. The well depth ranges 

from 15 m to 150 m with screen length ranging from 1 m to 9 m and well diameter of 2” 

to 6” as presented in Table 5.15. A small diameter of wells will ensure that there will be 

no significant occurance of free convective flow is expected as studied by Dapaah-

Siakwan and Kayane (1995) in the Tokyo metropolitan area. Most of the monitoring wells 

are drilled before the 1980s and included with case. Therefore, the water temperature in 

the wells represent the temperature of groundwater surrounding the wells.  

 

 
Figure 5.43: Location of wells used to measure the subsurface temperature 
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Table 5.15: Well depth, screen length, screen position and water level 

Location 
Well 

ID 

Aquifer 

Layer 

Depth 

(m) 

Elevation 

(m) 

Screen 

Length 

(m) 

Screen 

Position 

(m) 

Depth to 

Water 

Level (m, 

bgl) 

2014 

Pintu 

Geng 
GW47 L1 15.0 7.44 9.0 5.0-14.0 8.97 

Kg. Binjai GW41 L1 17.0 5.88 8.0 8.0-16.0 1.60 

SK 

Seribong 
GW43 L1 16.1 6.26 7.0 7.5-14.5 5.88 

Beris 

Kubor 

GW33 L3 113.4 3.39 1.6 106-107.6 2.99 

GW51 L3 101.2 3.60 1.5 93.5-95.0 2.96 

GW33 L3 83.4 3.33 1.5 76.0-77.5 2.95 

GW53 L2 44.4 3.34 1.5 38.3-39.8 3.25 

GW23 L2 29.2 3.39 1.5 24.0-25.5 2.97 

2015 

Pengkalan 

Chepa 

GW30 L3 114.0 5.93 1.5 98.5-100.0 5.38 

GW54 L3 91.0 5.93 1.5 85.5-87.0 5.37 

GW55 L3 73.0 5.87 1 67.0-68.0 5.26 

GW31 L3 64.0 5.85 1.5 58.0-59.5 5.30 

GW19 L2 30.0 5.79 1.5 23.0-24.5 4.70 

Jalan 

Merbau 

GW34 L3 150.0 6.57 1.5 125.0-126.5 5.50 

GW56 L3 88.0 6.60 1.5 83.5-85.0 5.36 

GW35 L3 66.0 6.55 1.5 64.0-65.5 5.45 

*bgl: below ground level 
 

The measurement of temperature and groundwater level is described in detail in 

section 3.2. The depth to water level (bgl) was measured at sites in 2014 and 2015 ranges 

from 1.60 m to 8.97 m with Layer 1 ranging from 1.60 m to 8.97 m, Layer 2 ranging from 

2.86 m to 4.70 m and Layer 3 ranging from 2.95 m to 5.50 m, respectively as listed in 

Table 5.15. According to the literatures, most of the groundwater fluxes studies from 

steady state temperature-depth profiles are relatively from deep aquifer with a depth of 

more than 200 m (Taniguchi, 1993; Gosnold et al., 1997; Taniguchi, 2002; 
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Gunawardhana & Kazama, 2012; Majumder et al., 2013). Therefore, the same concept is 

applied even though the maximum depth at LKRB is only up to 150 m and wells are not 

spatially distributed within the basin. 

 

The measured temperature-depth profiles are presented in Figure 5.44. Based on the 

temperature-depth profiles, the range of subsurface temperature are from 27.0°C to 32°C. 

An increase in temperature trend as the depth increases can be seen from the figure. This 

similar trend can be found in studies related with subsurface temperature (Taniguchi et 

al., 2003b; Majumder et al., 2013; Salem, 2016). The changes in the slope of the 

temperature-depth profile can possibly be attributed to the different thermal of aquifer 

layer (Irvine et al., 2017).  

 

Figure 5.44: Temperature-depth profiles measured at LKRB 

 

2014 2015 
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5.3.3.3 Groundwater Flux 

The temperature–depth profiles with heat advection caused by the movement of 

groundwater flow in the subsurface were analysed using Equation 3.6 (section 3.6.3) to 

calculate the vertical groundwater fluxes at LKRB. The T0 is set as 27 oC and this is 

considered as the mean annual of surface air temperature because there is no available 

long-term data on ground surface temperature at LKRB. Surface temperature usually 

changes according to the change in air temperature (Taniguchi et al., 2003a). The 

geothermal gradient, TG of 0.045 oC/m is used in the calculation based on the ranges of 

geothermal gradient at Penyu basin 0.036 oC/m to 0.055 oC/m (Madon, 1999). The 

thermal diffusivity, α is 6.5 E-7 m2s-1 is adapted from (Taniguchi et al., 1989). 100 years 

(t) is considered as the time after semi equilibrium and the increase in surface temperature 

at LKRB, b is 0.0162 oC/year. U=vcoρo/cρ where v is the vertical groundwater flux, coρo 

is the heat capacity of water and cρ is the heat capacity of aquifer. Different U values 

were used to compute the calculated temperature-depth profiles. The positive U value will 

show downward movement of groundwater flow (recharge) while the negative U value 

will represent upward movement of groundwater flow (discharge). The calculation is 

limited by the semi-infinite layers in which only vertical conduction and convection, and 

vertical groundwater flux are assumed to be constant with depth (Taniguchi et al., 2003). 

 

The calculated temperature–depth profiles are shown in Figure 5.45 and Figure 5.46, 

respectively. The calculated profiles represent the best shape of the observed profiles at 

shallow and deep aquifer. The misfit in the profiles may result from a difference of 

thermal properties (thermal conductivity and thermal diffusivity) of the aquifer materials 

which may affect heat convection within the aquifer (Majumder et al., 2013; Irvine et al., 

2017). 
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Figure 5.45: Observed and calculated subsurface temperature profiles August 2014 
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Figure 5.46: Observed and calculated subsurface temperature profiles February 2015 

 

Table 5.16 listed the best U values for each profiles. In 2014, the calculated profiles 

give U values in Layer 1 ranges from 200 mm/yr to 300 mm/yr, whereas in Layer 2 the 

U values ranges from 110 mm/yr to 200 mm/yr and in Layer 3 the U values ranges from 

50 mm/yr to 150 mm/yr, respectively. In 2015, the calculated profiles give U values in 

Layer 2 100 mm/yr and in Layer 3 the U values ranges from 120 mm/yr to 180 mm/yr, 

respectively. According to the positive U values in Table 5.16, all wells are recharged 

type with downward groundwater flow (Domenico & Palciauskus, 1973) of the 

groundwater flow system in the basin. The root mean square (RMSE) of the observed and 
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calculated profiles is between 0.10 to 1.43. The uncertainties arise in this flux estimates 

can be induced by the parameterisation of the initial conditions (Irvine et al., 2017) as in 

Equation 3.6.  

 

Table 5.16: Groundwater flux, U values from calculated temperature-depth profiles 

Well ID Aquifer 
Layer 

Flux Rate Flux Rate 
Type  RMSE 

U (m/yr) U (mm/yr) 

2014 

GW47 L1 0.25 250 R 0.49 

GW41 L1 0.20 200 R 0.99 

GW43 L1 0.30 300 R 1.24 

GW53 L2 0.11 110 R 0.29 

GW23 L2 0.19 190 R 0.38 

GW33 L3 0.10 100 R 0.35 

GW51 L3 0.10 100 R 0.27 

GW52 L3 0.11 110 R 0.21 

GW19 L2 0.20 200 R 1.43 

GW30 L3 0.05 50 R 0.86 

GW54 L3 0.05 50 R 0.11 

GW55 L3 0.15 150 R 1.11 

GW31 L3 0.15 150 R 1.22 

2015 

GW53 L2 0.10 100 R 0.10 

GW23 L2 0.10 100 R 0.15 

GW33 L3 0.15 150 R 0.29 

GW51 L3 0.14 140 R 0.26 

GW52 L3 0.12 120 R 0.31 

GW34 L3 0.18 180 R 0.85 

GW56 L3 0.15 150 R 0.22 

GW35 L3 0.10 100 R 0.18 
R: recharge; RMSE: root mean square error 
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Based on the groundwater flux listed in Table 5.16, it can be summarised that the 

recharge in Layer 1 which ranges from 200 mm/yr to 300 mm/yr with a mean of 250 

mm/yr, whereas in Layer 2 ranges from 105 mm/yr to 200 mm/yr with a mean of 150 

mm/yr, and in Layer 3 ranges from 50 mm/yr to 180 mm/yr with a mean of 119 mm/yr 

respectively as tabulated in Table 5.17 

 

Table 5.17: Summary percent of rainfall (%) of groundwater recharge 

Aquifer Layer Rainfall 
(mm) 

Recharge  
(mm/yr) 

Percentage of Rainfall 
(%) 

Layer 1 

2619 

200 to 300 (250) 8 to 11 (10) 

Layer 2 105 to 200 (150) 4 to 8 (6) 

Layer 3 50 to 180 (119) 2 to 7 (5) 

() :mean value 

 

By taking the long-term rainfall of 2619 mm (see section 5.3.3.1) into consideration, 

the groundwater recharge rate based on the percentage of rainfall is listed in Table 5.17. 

For Layer 1, the percentage of rainfall is between 8% to 11% with a mean of 10%, 

whereas Layer 2, the percentage  is between 4% to 8% with a mean of 6% while for Layer 

3 the percentage is between 2% to 7% with a mean of 5%. In general, the average values 

percentage of rainfall shows a decreasing trend from Layer 1 to Layer 3 of 10% to 6% 

respectively. This study has indicated that the spatial variations of subsurface temperature 

at LKRB by the presence of shallow and deep groundwater flow systems.  

 

The effect of surface air temperature were not considered during groundwater recharge 

interpretation. According to Hiscock and Bense (2014), groundwater temperature down 

to the depth of ~ 25 m was strongly affected by seasonal variations in surface temperature. 

The fluctuation of surface temperature creates a temperature wave which propagates 
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down into the subsurface rather than the heat convection caused by groundwater flow 

(Taniguchi et al., 2003a; Bense & Kooi, 2004; Colombani et al., 2016). Gosnold et al. 

(1997) have shown that shallow subsurface temperature (up to 75 m) is closely related 

with the surface air temperature during non-seasonal ground freezing and this correlation 

was confirmed by the modelling results using synthetic transient temperature-depth 

profiles at the northern Plain of USA (Harris & Gosnold, 1999). Taniguchi (1993) stated 

that groundwater fluxes in shallow aquifers are more complex as they are influenced by 

changes in surface air temperature and aquifer is actively used as a resources. 

 

 Groundwater Modelling 

Reviews on groundwater modelling were briefly explained in Chapter 2 and the model 

development and input parameters were described in detail in Chapter 3. The groundwater 

model using Visual MODFLOW will be used as a tool to testify the recharge amount 

estimated through water balance approach.  In most modelling works it is recommended 

that the value between 5 to 20% of the annual rainfall as a reasonable value for the 

groundwater recharge (Waterloo Hydrogeologic, 2005). 

 

5.3.4.1 Water Balance 

The water balance of the aquifer system studied by Hussin (2011) is tabulated in Table 

5.18. This water balance has considered rainfall, potential evapotranspiration and river 

discharge of 3.09E+10 m3/yr, 1.23E+10 m3/yr, and 1.53E+10 m3/yr, respectively. The 

estimated value of change in storage is 3.26E+09 m3/yr (11%) which is equivalent to 

recharge into the basin.  
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Table 5.18: Estimated water balance of Kelantan River Basin from Hussin (2011) 

Description Value Percentage (%) 

Rainfall (m3/yr) 3.09E+10 100.00 

Potential evapotranspiration (m3/yr) 1.23E+10 39.88 

Discharge (m3/yr) 1.53E+10 49.58 

∆± change in storage (m3/yr) 3.26E+09 10.55 

 

5.3.4.2 Model Calibration and Validation 

The steady-state condition was simulated using piezometric heads of 49 monitoring 

wells with dataset from 1989 to 2000. The model was calibrated by trial-and-error 

adjustments of the hydraulic conductivity parameter to match the calculated heads with 

the observed heads. The hydraulic conductivity was adjusted within the range in Table 

3.5 of each unit and a uniform constant recharge as in Table 3.4 through the calibration 

processes. The model was successfully converged after maximum outer and inner 

iterations of 100 and 50 with head change and residual criterion of 0.01. A scatter plot of 

the best fit between the observed heads and calculated heads of the calibration simulation 

is shown in Figure 5.47 with RM, RMSE, NRMSE and R2 of 0.003 m, 1.460 m, 13.54% 

and 79.2%, respectively. Table 5.18 tabulated the accepted input parameters of simulated 

calibration model.  
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Figure 5.47: Plot of observed head and calculated head achieved after calibration 
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Table 5.19: Input parameters after model calibration 

Parameter 
Value 

Unit 1 Unit 2 Unit 3a Unit 3b Unit 4 

Kx (m/s) 0.01 10-6 8×10-4 10-5 10-4 

Ky (m/s) 0.01 10-6 8×10-4 10-5 10-4 

Kz (m/s) 0.001 10-7 8×10-5 10-6 10-5 

 

Ss 1.65×10-3 

Sy 0.23 

Recharge 11% 5%  7%  

Total Porosity 0.20 

Effective porosity 0.11 

River 

Golok,Kelantan, Pengkalan Datu, 

Kemasin, Mulong, Semarak, Ketereh, 

Lemal 

Tok’ Uban 

Lake 

Riverbed Conductivity 

(m/s) 
10-4 10-6 

Riverbed Thickness (m) 0.50 

River stage and bottom 

(m) 
Stage and river cross section data from DID 

River width (m) Estimated based on Google Earth 

 

Groundwater pumping 

(m3/d) 

 

 

Wakaf Bharu 23,188 

Tanjung Mas 18,143 

Chicha 107,362 

Kg. Puteh 73,670 

Pintu Geng 19,334 

Kg. Chap 8,971 

Perol 6,109 

Total  256,777 
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The parameters determined during the model calibration are then validated by using 

piezometric heads of 28 monitoring wells with dataset from 2001 to 2012. A scatter plot 

of the best fit between the observed heads and calculated heads of the validation 

simulation is shown in Figure 5.48 with RM, RMSE, NRMSE and R2 of 0.806 m, 2.097 

m, 15.841 % and 78.8 %, respectively. The validation result of RMSE is higher 0.637 m 

than the calibration but still within the 2-3 m acceptable ranges of heads decreased. 

 

 
Figure 5.48: Plot of observed head and calculated head achieved after validation 
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5.3.4.3 Sensitivity Analysis 

Sensitivity analysis is a good measure to quantify the uncertainty of the calibrated 

model especially when the model was developed with limited data (Lenhart et al., 2002). 

This is caused by the uncertainties of the aquifer parameters and sometimes the model 

boundary conditions (e.g., hydraulic conductivity and recharge). It is carried out by 

varying both increasing and decreasing of one selected parameter within plausible range 

while holding constant all other parameters. To further determine the acceptable water 

balance recharge value, a sensitivity analysis was performed manually by standardising 

the 10% increment and decrement of each recharge zones as listed in Table 5.20. The 

results for the sensitivity analysis are presented in Figure 5.49 and Figure 5.50. The 

relationship between RMSE and change in recharge shows a slight decreased from 1.457 

m to 1.465 m when the percentage of recharge decreased from 10% to 40%. while RMSE 

values increased from 1.465 m to 1.496 m when the percentage of recharge increased 

from 10% to 40% (see Figure 5.49). The relationship between residual mean and change 

in recharge shows a linear increasing and decreasing trend of residual mean as the 

recharge percentage is increased and decreased within 10% to 40%. The R2 values 

tabulated in Table 5.20 indicates that the calibrated model is the most reasonable model 

compared to others. This indicates that recharge is a sensitive parameter and the values 

selection, or its representation is very crucial in the model calibration processes.  
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Table 5.20: Changes in recharge during sensitivity analysis 

Change in 
recharge 

(%) 

Zone 1 
(11%) 

Zone 2  
(5%) 

Zone 3  
(7%) 

R2 Remarks 

0 297.98 135.45 189.63 0.792 Reasonable 

10 327.78 149.00 208.59 0.790 Calculated 

20 357.58 162.54 227.56 0.789 Calculated 

30 387.37 176.09 246.52 0.787 Calculated 

40 417.17 189.63 265.48 0.786 Calculated 

-10 268.18 121.91 170.67 0.793 Calculated 

-20 238.38 108.36 151.70 0.794 Calculated 

-30 208.59 94.82 132.74 0.795 Calculated 

-40 178.79 81.27 113.78 0.797 Calculated 

 

 
Figure 5.49: RMSE (m) at different recharge percentage 
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Figure 5.50: Residual mean (m) at different recharge percentage 

 

The distribution contour between the calibrated model and the model during sensitivity 

analysis can be seen in Figure 5.51 and Figure 5.52. An example piezometer heads 

contour of 40% increase and decrease in recharge are used for comparison. It is noticed 

that when 40% recharge is increased, the contour heads pattern is slightly above the 

calibrated contour heads and while 40% recharge is decreased, the contour heads pattern 

is slightly below the calibrated contour heads. The cone of depression developed 

surrounding the wellfields is deeper when recharge is reduced by 40% as reduced in 

rainfall input. The model is sensitive to recharge because recharge is the primary input 

source (precipitation and river leakage) and the model is simulated under steady state 

condition where inflow balances outflow with no change in storage (Seneviratne, 2007). 
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Figure 5.51: Distribution of contour heads during model calibration and sensitivity at 

40% recharge increased  

 

 
Figure 5.52: Distribution of contour heads during model calibration and sensitivity at 

40% recharge decreased  
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CHAPTER 6: DISCUSSIONS 

6.1 Introduction 

The Lower Kelantan River Basin (LKRB) is a heterogenous aquifer of Quaternary deposit 

consisting a mixture of clay, silt, and fine to coarse sand. LKRB has been exploited for 

groundwater resources since 1930s and the demand is continously increasing for water 

supply. Therefore, a basic prerequisite for efficient and sustainable management of 

groundwater resources is necessary to avoid depletation and degradation of the natural 

resources. This research represents a baseline study to gain insight on groundwater recharge 

mechanism at LKRB. The first part of the chapter will discuss the source and processes that 

had occurred during the groundwater recharge flow processes and the second part will discuss 

the groundwater recharge rate quantify in the basin. 

 

 Evaluation of Groundwater Recharge Flow Processes 

Groundwater recharge flow processes have been evaluated using four methods of 

stable isotopes, tritium, radon and hydrogeochemical, respectively. Stable isotope 

indicates that isotopic composition of local rainwater is influenced by amount effect 

during monsoon seasons (Rozanski et al., 1993; Araguás-Araguás et al., 1998; Majumder 

et al., 2011). Rainwater is having fractionation of primary and secondary evaporation in 

relation to GMWL and LMWL before reaching ground surface (Dansgaard, 1964; Clark 

& Fritz, 1997a; Gupta & Deshpande, 2005). The tritium content in rainwater has shown 

a decreasing trend to natural level with mean of 3.8 TU following the global trend of 

Otawa at Northern Hemisphere and Kaitoke at Southern Hemisphere (Harms et al., 2016; 

Wirmvem et al., 2017). Rainwater is classified as modern water age and the content is 

almost the same to Melbourne with 3.5 TU which classified as modern water (IAEA, 

2011a). 
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Rainfall of modern water age that has experienced evaporation in isotopic composition 

is the main source of surface water and diffuse recharge into the aquifer system. LKRB 

is recharged by modern water age, less than 5 years to10 years at shallow aquifer (Layer 

1) while deep aquifer (Layer 2 and Layer 3) has featured of mixed recharge water (of sub-

modern and modern water) according to Clark and Fritz (1997a) and supported by the 

relationship of tritium and oxygen-18. In general surface water and groundwater has 

depleted isotopic composition compared to rainwater. Surface water is enriched with 

heavy isotopic composition during dry season compared to wet season and having low 

radon concentration due to the lost of radon through outgassing of turbulent current 

(Bertin & Bourg, 1994; Grolander & Kärnbränslehantering, 2009). Towards the 

downstream, the surface water (river) is depleted in stable isotopes but experienced an 

increase in tritium content. Groundwater shows depletion in heavy isotope compared to 

surface water and has small ranges of isotopic composition within aquifer layers. In dry 

season, Layer 1 is slightly enriched in heavy isotope as compared to wet season while 

Layer 2 and Layer 3 are slightly enriched in light isotope during dry season but depleted 

in wet season. Groundwater shows a trend of depleting in stable isotopes, decreasing in 

tritium content and increasing in radon concentration with increased aquifer depth. The 

groundwater has evolved from CaHCO3 to NaHCO3 towards the coastal area and the 

major processes which controlled the groundwater chemistry are silicate weathering, 

dissolution and ion exchange. 

 

The interconnection processes between river - groundwater and aquifer - aquifer layer 

is either by infiltration, leaking and/or mixing are proven by the composition of stable 

isotopes, tritium, radon and hydrogeochemical. During rainfall event, rainwater will 

dissolve CO2 at the atmosphere and enhance the dissolving power and increased the HCO3 

ion in rainwater It will rapidly experience runoff and/or percolate into the river and 
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infiltrate quickly into the shallow aquifer (Layer 1) through the unsaturated zone. At the 

same time, there are dissolution of silicate weathering and ion-exchange between aquifer 

materials. The river will recharge into Layer 1 during dry season while Layer 1 will 

discharge into the river on wet season. Therefore, river and Layer 1 have similar ranges 

of stable isotopes and tritium content due to the fast transmit time that classified both as 

modern water. The input radon in river is less than 1 Bq/L and it is possibly comes from 

Layer 1 as the river has no direct contact with the solid materials to the extends of 

groundwater. Hydrogeochemical processes in Layer 1 indicate that groundwater has 

evolved from CaHCO3 to NaHCO3 towards the coastal. CaHCO3 facies is prominent in 

recharge area. It is also identified that the interconnection between river-groundwater is 

up to Layer 2.  

 

Aquifer-aquifer interconnection was revealed through wells at Layer 1 with Layer 2 

and Layer 2 with Layer 3. During water travel, long residence time from Layer 1 to Layer 

3 (shallow to deep) will reduce the tritium content through decaying process. The 

decaying process does not involve the aquifer materials but rapid mixing and dilution 

with old water in aquifer resulted the in the mixing water of sub-modern and modern 

water in Layer 2 and Layer 3. The increase in radon concentration from Layer 1 to Layer 

3 is related to the position of aquifer that is closed to the underlying bedrock containing 

uranium, the decay parent of radon. Simplification of groundwater recharge flow 

processes is illustrated in Figure 6.1. The integration of various methods has provided an 

understanding on recharge flow processes at LKRB. 
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Figure 6.1: Conceptual model of groundwater recharge mechanism at LKRB 

 

 Evaluation of Groundwater Recharge Rate 

Various methods of recharge estimation using CMB, WTF, TDP and GM(WB) have 

been used at LKRB. Selection of these methods was dependent on the existing and 

accessible data that were available within this period of study. Explanation on the 

comparison of methods is based on percentage of annual rainfall because each method 

that was applied in this study has a different range of annual rainfall. The range of 

recharge estimation is summarised in Table 6.1. 
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Table 6.1: Summary of recharge estimation using different methods. 

Method Recharge, (% of rainfall) 

CMB 13-68 (36) 

WTF 11-19 (15) 

TDP 8-11 (10) 

GM(WB) 11 
*() average value 

 

CMB method shows a large variation in recharge estimation ranges from 13% to 68% 

with mean of 36% of annual rainfall as tabulated in Table 6.1. In CMB method, rainfall 

amount and chloride concentration measured in rainfall and unsaturated zone (soils) are 

used to estimate the recharge. An assumption that the primary source of recharge is 

rainfall has met CMB’s criteria at LKRB, with rainfall records at over 1000 mm annually. 

Uncertainty arises when determining the concentration of chloride in rainfall and soils. 

The available data of rainfall chloride was collected only for a short period of less than 

three years. The rainfall chloride data should be for a period of at least five years 

monitoring (Sukhija et al., 2003) and should provide the most representative rainfall 

chloride data of the basin which is not available in the study area. Rainfall chloride of wet 

deposition is the only source of chloride, the atmospheric chloride of dry deposition was 

not accounted because no data has been recorded within the basin. Dry deposition can be 

neglected because heavy rainfall will wash out the dry deposition (Guan et al., 2010; 

Gobinddass et al., 2020). Even though it can be negligible, determination of dry 

deposition will be a good practice as the dry deposition has potential to be deposited 

within 100 km from the coastal area (Guan et al., 2010; Gobinddass et al., 2020). 

Consideration of both wet and dry can improve the recharge estimates.  

 

Caution during soil sample preparation to extract the chloride and to conduct particles 

size analysis (Deng et al., 2011) will reduce the error level. Following the assumption in 
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CMB method, chloride in soils are not from weathering or anthropogenic sources. Soil 

texture play a significant role in holding chloride concentration (Liu et al., 2009; Huang 

& Pang, 2011) along the soil profiles. Infiltrated rainfall will flush and take the chloride 

ions deeper downward. Changes of soil texture from clay silt materials to coarse materials 

are expected to result in high recharge value (Ting et al., 1998; Ifediegwu, 2020). The 

variation of chloride concentration and soil texture in the soil profiles has shown the 

heterogeneity within the basin. Therefore, to have a good recharge estimation using CMB, 

rainfall and soils samples must be spatially represent the basin and repeated sampling data 

is a must to reduce the uncertainty of the method. 

 

The recharge estimation using WTF method ranges from 11% to 19% with mean of 

15% of annual rainfall, as tabulated in Table 6.1. In WTF method, component of specific 

yield, Sy and groundwater level rise are used to calculate recharge. The availability of 

long-term groundwater water level data at LKRB gives an advantage in using WTF. The 

groundwater level data show a quick response of recharge as the fluctuation of water level 

corresponds well with the rainfall event (Figure 5.36). The Lisse effect (Healy & Cook, 

2002; Weeks, 2002; Crosbie et al., 2005) at LKRB can be said to be negligible  or minimal 

within the basin because the depth to water table in shallow aquifer is more than 1.30 m 

and LKRB itself is coastal sandy aquifer. Currently, LKRB is actively pumping but there 

is no indication of sharp difference in water level fluctuation based on the long-term data 

(MGD, 2014b) or ground settlement has occurred in the basin (Che Sulaiman, 2010). The 

uncertainty may come during the extrapolation of water cycle hydrograph via graphical 

approach (Delin et al., 2007) to identify the groundwater level rise. An Sy value of 0.15 

was set to be constant throughout the aquifer following a common practice of researchers 

(Delin et al., 2007) because Sy value is difficult to determine even with proper planning 

(Healy, 2010). Sy values actually vary with depth and location (Song & Chen, 2010) and 

Univ
ers

iti 
Mala

ya



 

192 
 

this applies to LKRB as well as a heterogeneous aquifer. Assumption of a constant Sy 

may lead to either overestimates and underestimates of recharge. The scarcity of 

monitoring wells that are not spatially distributed within the basin has influenced the Sy 

value and groundwater level data with imcomplete temporal record.  

 

Like WTF method, TDP method also give a small range of recharge estimation from 

8% to 11% with mean of 10% of annual rainfall as shown in Table 6.1. TDP results 

indicate that LKRB is dominated by the downward movement groundwater flux of 

recharge type for both shallow and deep aquifer systems. Recharge area is recognised to 

have low thermal gradient (Uchida & Hayashi, 2005). In the TDP method, recharge 

estimation was calculated using Carslaw and Jaeger (1959) equation. The uncertainty is 

induced by input parameters of the equation in the initial condition (Irvine et al., 2017). 

To apply this TDP method, some of the parameter value were adopted from literature 

(Taniguchi et al., 1989; Madon, 1999) due to unavailable data related to LKRB which 

might give overestimation or underestimation of recharge. The effect of surface air 

temperature in wells caused by seasonal changes are not accounted (Taniguchi, 1993; 

Taniguchi et al., 2003a; Hiscock & Bense, 2014; Colombani et al., 2016) especially in 

shallow aquifer which can reflect the recharge quantification. Lacking in number of 

monitoring wells that represent the basin and aquifer layer has limited the interpretation 

of temporal and spatial variation of recharge estimation and also an understanding the 

groundwater flow pattern. The need for repeated measurement of temperature-depth 

profiles and measurement the local thermal properties perhaps will also improve the 

recharge estimation and reduce the ucertainty. 

 

GM(WB) applied 11% of recharge from water balance (WB) study (Hussin, 2011). 

The steady state model was constructed using available local data input for the basin. The 
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model has successfully calibrated and validated with correlation coefficient of 79.2% and 

78.8%. The calibration processes reduced the uncertainty within the model. The 

sensitivity analysis result has indicates that recharge WB is sensitive during parameter 

adjustment of 10% increment and decrement in the model. The model is sensitive to 

recharge because rainfall is the primary input source of the model. Uncertainty in 

GM(WB) usually arises during the construction of the conceptual model. The model input 

parameters still need to be improved or updated because a lack in data inputs will produce 

an unreasonable model. Modeller knowledge is also important as this helps to increase 

understanding of the model. The advantages of using GM(WB) are that it can be used to 

predict future recharge that help in groundwater resources management and that the 

model can be used to represent a range of scales from point to regionally (Scanlon et al., 

2006; Zhou & Li, 2011).  

 

Table 6.1 summarised recharge estimations quantified using four methods. Generally, 

recharge ranges showed high variability within 8% to 68% of annual rainfall. CMB 

ranged from 16% to 68%, WTF ranged from 11% to 19%, TDP ranged from 8% to 11% 

and GM(WB) based on WB value of 11% of annual rainfall, respectively. The average 

recharge of CMB, WTF and TDP methods is 20% of annual rainfall with diversion as 

compared to average values rnaging from 12% to 48%. A wide range of recharge is 

evidenced to different factors subject to inherent principles and assumptions in the 

methods applied, data quality and quantity, and geological condition. All methods are 

sensitive to the input parameters, therefore, it is essential to reduce the uncertainty and 

errors inherent in quantifying recharge estimation from any single method as discussed 

above.  

 

Based on results of four methods applied at LKRB indicates that 11% of recharge 
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shows GM(WB) is the best method to estimate groundwater recharge for this humid 

tropical basin. This selection is because GM(WB) has constructed and calibrated using 

locally derived data input parameters. GM(WB) is the only method that involved 

calibration process by comparing the observed and calculated values. Recharge is 

sensitive to the adjustment parameter as rainfall is the primary source in steady-state 

model simulation. WTF gives reasonable recharge value to be used together with 

GM(WB) to ensure the reliability of recharge value approximately in the same range. 

WTF based on long-term hydrological data records and the method itself estimates actual 

recharge of local scale even less monitoring wells used to represent the basin. Even 

though TDP gives mean recharge 10% close to GM(WB), this method is not suitable to 

be paired with because selected input parameter is not locally and data not represent the 

whole basin. 36% of mean recharge by CMB does not mean this value is inaccurate 

because CMB is point scale estimation and required rainfall and chloride data to represent 

the basin heterogeneity. 

 

This study has highlighted the importance of applying various methods in 

quantification of recharge estimation. The reliability and suitability of recharge 

estimation can be improved by obtaining reliable and spatiotemporal data within LKRB 

that are applicable to the method used. Methods can be accepted as long as land use are 

not changing dramatically in the basin. Spatial distribution of recharge can imply better 

recharge proxy that is good for future urban planning at LKRB, which was limited in this 

study as data were lacking in number representative points of sampling or monitoring 

wells to represent the aquifer layer and basin area. In addition, there is the need of repeated 

sampling and frequency of measurement. This study has provided insight into 

quantification groundwater recharge and method selection for humid tropical areas of 

LKRB and is useful as a baseline study for groundwater resources management at LKRB, 
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in particular and for Malaysia as a whole. Lysimeter as a direct and best method to 

quantify groundwater recharge was unable to be installed during the studies due to 

difficulty in obtaining approval and permission from the land owner. 
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CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS 

7.1 Conclusions 

The conclusions derived from this study are listed below: 

1. Stable isotopes indicate local rainfall origin is from monsoon meteoric air masses 

that have experienced primary and secondary evaporation. Tritium content in 

rainfall is almost back to natural level, classified as modern water age ( < 5 year 

to 10 year). Rainfall is the main source of surface water (river) and diffuse 

recharge into groundwater system at LKRB.  

2. Rapidly percolated and infiltrated rainfall runoff through unsaturated zone into 

aquifer has recharged Layer 1 with modern water age while Layer 2 and Layer 3 

have mixed recharge water of modern water and sub-modern water age as 

infiltrated water took longer transmit time to arrive and has mixed with available 

water in aquifer. 

3. Isotopic composition (stable isotopes, tritium and radon) and hydrogechemcal 

reveal that interactions between river-groundwater and aquifer-aquifer at LKRB 

through the infiltration, leaking and mixing are governed by the process of silicate 

weathering, dissolution and ion exchange. Shallow aquifer has evolved from 

CaHCO3 to NaHCO3 from inland towards the coastal area. Groundwater shows 

depletion in stable isotopes, decrease in tritum content and increase in radon 

concentration with increased aquifer depth. 

4. The range of recharge quantified using CMB, WTF, TDP and GM(WB) methods 

is within 8% to 68% of annual rainfall. Recharge by CMB, WTF and TDP is 20% 

of annual rainfall with diversion compared to average values which ranges from 

12% to 48 % of annual rainfall. 
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5. The variability of recharge range is evidenced to different factors subjected to 

inherent principles and assumptions in the methods applied, data quality and 

quantity, and geological condition within the basin. 

6. 11% of recharge shows GM(WB) is the best method to estimate the groundwater 

recharge. GM(WB) model was constructed and calibrated using locally derived 

data input parameters, the only method that involves a calibration and recharge 

that is sensitive to the adjustment parameter as rainfall is the primary source in 

steady-state model simulation. WTF method based on the long-term hydrological 

records gives a reasonable recharge value to be used together with GM(WB) to 

ensure the reliability of recharge value approximately in the same range for humid 

tropical basin of LKRB. 

7. The study has provided insight into integrated groundwater recharge mechanism 

as a baseline study for groundwater resources assessment at LKRB, in particular 

and for Malaysia as a whole. 

8. The conceptual model of groundwater recharge mechanism is shown in Figure 

7.1. 
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Figure 7.1: Conceptual model of groundwater recharge mechanism at LKRB 

 

7.2 Recommendations 

In future, the research topic can be enchanced by these recommendations as listed below: 

1. Installation of lysimeter as a direct method to estimate recharge rate in selected and 

representated location in the basin. 

2. Instllation of more wells at selected and represented depth as well as selected 

location to represent the basin includes with automatic data loggers. 

3. Continous sampling and monitoring of present site and new site to provide long-

term data for more comprehensive recharge flow and estimation recharge rate for 

all methods.  

4. Improve recharge mechanism methods using different approaches by using 

experimental design, mass balance calculation, mixing model of isotopes, time 

series analysis, consider chloride from dry deposition, agricultural and 
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antrophogenic sources and apply in-deep statistical, geostatistical and testing 

analysis to accurately identify and quantify surface water groundwater interaction, 

groundwater recharge/discharge flow area. 

5. Combine current research methods with other methods such as helium (3He), 

carbon (13C and 14C), chlorofluorocarbon (CFC), sulphur hexafluoride (SF6), 

krypton (85Kr), chlorine-36 (36Cl) and other isotopes to enhance the knowledge 

that infers the water flow processes (direction and velocity), resolved the extent 

of mixing occurred in groundwater and to be able to verify better quantification 

of recharge rates. 
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