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Abstract
Coastal aquifer groundwater is vulnerable to saltwater contamination as it is located near the coastline. Therefore, a study is conducted to confirm all the major source of pollutants on coastal groundwater based on 13 sampling wells that located close to Terengganu coastline as well as to assess the intensity of saltwater intrusion into the wells. Measurements of selected water quality parameters such as dissolve oxygen (DO), electrical conductivity (EC), total dissolve solid (TDS), salinity, pH, turbidity and total suspended solid (TSS) were obtained from each well by using certified scientific instruments. Data were analysed by using multivariate techniques which involves principle component analysis (PCA) and cluster analysis (CA). CA was performed by using hierarchical agglomerative cluster analysis (HACA) technique. PCA yielded two PCs where PC1 forms composite factor loadings of TDS, salinity and EC that represented the saltwater intrusion meanwhile, PC2 formed composite factors of turbidity, TSS and TDS that represented the anthropogenic pollutions. CA successfully classified sampling wells into seven clusters; Extreme High (EH), Very High (VH), High (H), Moderate (M), Low (L), Very Low (VL) and Extreme Low (EL) where each cluster represented the saltwater intrusion intensity in decreasing order.
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Abstrak
[bookmark: _GoBack]Air bawah tanah dari akuifer pantai terdedah kepada pencemaran air masin kerana ia terletak berhampiran pantai. Oleh itu, satu kajian dijalankan untuk mengesahkan sumber utama pencemaran kepada air bawah tanah pantai berdasarkan 13 telaga pensampelan yang terletak berhampiran kawasan pantai Terengganu serta untuk menilai keamatan pencerobohan air masin ke dalam telaga.Pengukuran parameter kualiti air seperti oksigen terlarut (DO), kekonduksian elektrik (EC), jumlah pepejal terlarut (TDS), kemasinan, pH, kekeruhan dan jumlah pepejal terampai (TSS) diambil dari setiap telaga dengan menggunakan peralatan saintifik. Data dianalisis menggunakan teknik multivariat iaitu analisis komponen utama (PCA) dan analisis kelompok (CA). CA dilakukan menggunakan teknik analisis kelompok hierarki agglomeratif (HACA). PCA menghasilkan dua PC yang mana, PC1 membentuk faktor komposit TDS, kemasinan dan EC yang mewakili pencerobohan air masin manakala, PC2 membentuk faktor komposit kekeruhan, TSS dan TDS yang mewakili pencemaran antropogenik. CA berjaya mengelaskan telaga pensampelan kepada tujuh kelompok; Tinggi Ekstrem (EH), Sangat Tinggi (VH), Tinggi (H), Sederhana (M), Rendah (L), Sangat Rendah (VL) dan Rendah Ekstrem (EL) yang mana setiap kelompok mewakili keamatan pencerobohan air masin dalam urutan berkurangan.

Kata kunci:  air bawah tanah, akuifer pantai, kemasukan air masin, teknik multivariat


Introduction
Water plays a critical role in human life because human need water to stay alive and to carry out daily activities either as in domestic uses or economic uses. As human population keeps growing over times, the demands for water keep increasing as well. For Malaysia, it is a tropical country and thus, receiving an adequate amount of rainfall throughout the year. Supposedly, available water should be enough to cater the needs of its people. However, there are still some states that are experiencing a water shortage crisis [1]. Another alternative for freshwater supply is from groundwater. Groundwater is defined as subsurface water and can be either stored in confined or unconfined aquifer. These aquifers can be distinguished by the water components and type of surface and subsurface water interaction [2]. Water stored as groundwater is originated from surface water that seep slowly into the ground. It takes a long time to fill up the groundwater storage. In contrast, groundwater can be extracted easily by drilling a well into aquifer. Extraction of groundwater without a proper management may lead to imbalance rate of recharge and discharge. As a result, it causes threat to this valuable water resource.

Besides, groundwater aquifer is also vulnerable to saltwater contamination [3]. This kind of threat is generally related to aquifers that located close to coastline. These aquifers are known as coastal aquifers. Theoretically, freshwater and saltwater are of different density and thus, these waters should not mix up. Instead, freshwater and saltwater was separated by a zone known as transition zone containing brackish water. This zone kept freshwater and saltwater in natural equilibrium [4, 5]. The location of the transition zone is not fixed as it is can either move further inland or towards the sea depending on several factors. The movement can be map or visualize by adopting hydrogeochemical and geophysical technique [6]. In a normal condition, freshwater will be flowing into the sea. A reversed situation can occur where the saltwater is flowing into the freshwater under the influences of natural events and anthropogenic activities [7 - 9]. 

This unfavourable situation caused a great concern to peoples living along the coast since long time ago. This is because of a further movement of saltwater toward the land will lead to saltwater intrusion into coastal aquifer that containing their main freshwater supply [7 - 11]. Contamination of 2 – 3% of saltwater into coastal aquifer will increase the waters salinity and resulting in water quality degradation [8]. This problem is also experienced by residence living along Terengganu coastline which is the area of this study. Most of the residents in this area still use groundwater withdrawn from the drilled wells. Some of them use the water only for basic uses such as for watering crops and livestock drinking water. The rest of them used the well water as their main water supply due to financial issues. In conjunction to this problem, a study is carried out to confirm the major sources of groundwater quality pollutants based on sampling wells that located along Terengganu coastline and to assess the intensity of saltwater intrusion into the wells.

Materials and Methods
Study area
Terengganu is located on the east coast of Peninsular Malaysia [12]. Specifically, it is located between longitudes 102.25 °E to 103.50 °E and latitude 4 N to 5.50 °N.  The size of Terengganu is approximately 1,295, 638.3 hectares with coastline bordered by South China Sea and stretching 225 km from Besut to Kemaman [12].  It received an average rainfall of ± 400 mm per annum during the northeast monsoon season from November to March, meanwhile ± 190 mm per annum during the other months [12, 13].  Its average temperature is from 29 °C to 32 °C throughout the year [14]. Sampling areas were located along the Terengganu coastline (Figure 1).

Generally, Terengganu coastline is dominated by Quaternary rock of marine and continental deposits [15]. It is specifically known as Holocene beach ridges derived from Matang Gelugor Member. It is comprises of sand, gravel and sandy clay deposits in littoral and marine environment [16, 17]. In the hydrogeology perspective, Quaternary sediment is characterized by high porosity and excellent permeability that allowed water to be stored in between the grains [18]. Carboniferous rock and minor intrusive rock also present along the centre and south of Terengganu coastline. 
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Figure 1.  Location of sampling wells (Primary Well) along Terengganu coastline


Data collection
Samplings were carried out at 13 private wells, located closely to Terengganu coastline from July to August 2015 (Table 1). Samplings were conducted monthly by performing in situ measurements of selected water quality parameters such as dissolve oxygen (DO), electrical conductivity (EC), total dissolve solid (TDS), salinity, pH, turbidity and total suspended solid (TSS) . DO, EC, TDS, salinity and pH were measured using YSI 556 Handheld Multiparameter meter. Turbidity was measured using 2100Q Portable Turbidimeter and TSS was measured using HACH DR 900 Multiparameter Handheld meter. Global Positioning System (GPS) was used to locate the exact coordinates of sampling wells.

Multivariate analysis
A numbers of physiochemical parameters can be used to determine the groundwater quality namely total dissolve solid (TDS), dissolve oxygen (DO), total suspended solid (TSS), salinity, electrical conductivity (EC), chloride, biochemical oxygen demand (BOD) and pH value. However, it is difficult to define the main factors that control groundwater quality since there are too many data. Multivariate analysis such as principal component analysis and cluster analysis is suggested to be one of the best solutions to re-define the meaning of a mass of data. Therefore, multivariate analysis is employed to achieve the objective of this study. 


Table 1.  Coordinate location of sampling wells
	Sampling Well
	Latitude
	Longitude

	B1
	5.8339°
	102.5553°

	B2
	5.8241°
	102.5566°

	B3
	5.8216°
	102.5754°

	B4
	5.8202°
	102.5774°

	S1
	5.5951°
	102.8262°

	S2
	5.5605°
	102.8736°

	KT1
	5.4039°
	103.0992°

	KT2
	5.3686°
	103.1241°

	M1
	5.2435°
	103.1872°

	M2
	5.1825°
	103.2256°

	M3
	5.0135°
	103.3096°

	D1
	4.6387°
	103.4383°

	K1
	4.3361°
	103.4858°




Principal component analysis (PCA)
PCA identify the principle components (PCs) of data sets by transforming the original variables into new variables [19 – 23]. The input data matric (variables x cases) used for this method was [7 x 52]. PCs with eigenvalues more than 1.0 computed from PCA process is considered as significant PCs. These PCs were then rotated and the count of PCs was used as rotation factor in varimax normalization process. Two significant varifactors (VFs) of eigenvalues more than 1.0 explaining 67.44% of the total variance of water quality data set were yielded [24]. Each VF contains a list of factor loadings that explains the major sources of groundwater pollutant. 

Cluster analysis (CA)
Cluster analysis is technique for data classification based on their similarities or closeness [22, 23, 25]. It is done by performing hierarchical agglomerative cluster analysis (HACA) on selected parameters spatially or temporally. In this study, spatial cluster analysis is applied onto selected parameters to group the sampling wells into a few clusters. Sampling wells that grouped as a cluster are homogenous to each other meanwhile, sampling wells between clusters were heterogeneous. 

Results and Discussion
Identification of source of pollutant
Corresponding VFs, loadings and variance resulted from PCA are presented in Table 2. Bolded values in Table 2 indicated the strong and moderate factor loadings with absolute loading values of >0.75 and 0.75 – 0.50, respectively. These factor loadings were considered as important factors that influence water quality [26]. The un-bolded values represent the weak factor loadings with absolute loading values of 0.50 – 0.30 and have minor contribution for this water quality study. 

VF1, explaining 48.66% of total variance, has strong positive loadings on EC, TDS and salinity. This composite factor represents the saltwater intrusion into coastal aquifer. These factors combination proposed that the dissolved solid engaged in PC1 was dissolved salts supplied by high salt contents of seawaters through saltwater intrusion process. Thus, it can be emphasized that groundwater samples from study area are highly susceptible to saltwater intrusion as it is located near to coastline.



Table 2.  Factor loadings after Varimax rotation from PCA of sampling wells.
	Variables
	VF1
	VF2

	Turbidity (NTU)
	-0.281
	0.743

	TSS
	0.273
	0.577

	DO (mg/L)
	-0.109
	-0.598

	EC (mS cm-1)
	0.956
	-0.035

	TDS (mg/L)
	0.975
	0.0004

	Salinity (ppt)
	0.976
	-0.002

	pH
	0.649
	-0.259

	Eigenvalue
	3.424
	1.297

	% Total variance
	48.66
	18.78

	Cumulative % variance
	48.66
	67.44


                                                           Values in bold indicate strong and moderate loadings


VF2, explaining 18.78% of total variance, has positive moderate loading on turbidity, positive moderate loading on TSS and negative moderate loading on DO.  This composite factor is proposed to represent the anthropogenic pollution such as waste dumping into wells. The small suspended solid originated from the waste act like a barrier for the direct light entering the wells. It would be able to reach the well base only by scattering through the small spaces in between the particles. The measure of amount of light scattered of these particles is known as turbidity. This explains the association of total suspended solid with turbidity. If the amount of total suspended solid is high, the turbidity would be high as well. In contrast, increasing amount of turbidity and total suspended solid has inverse relationship with dissolved oxygen. The oxygen is suggested to be used up by microorganism for decay process [27].

Spatial clustering
A further analysis on saltwater intrusion which was identified from the VF1 composite factor is done by applying spatial clustering. Parameters included in VF1 composite factor are EC, TDS and salinity. The aim of this application is to cluster the sampling wells according to the range of EC, TDS and salinity readings. Results of this analysis revealed six main clusters. The results of cluster analysis of each parameter are shown in Figures 2, 3 and 4, respectively. Interestingly, all parameters have classified the sampling wells into seven statistically significant clusters. The count and the sampling wells listed under each cluster were also similar. As stated before, EC, TDS and salinity were related to each other. Therefore, it could explain why sampling wells that listed below each cluster is the same for all parameters.

The result of EC, TDS and salinity cluster analysis is suggested to represent the intensity of saltwater intrusion and is shown as a summary in Figure 5. Overall, CA revealed that sampling well B3 is intruded by extremely high (EH) saltwater intrusion compared to other stations followed by very highly (VH) intruded well B4, highly (H) intruded well KT1, moderately (M) intruded well B1, low or less (L) intruded well M3, and very low (VL) intruded well S2, KT2, M1 and D1. EH cluster is characterised by extremely high EC (3965.25 μS/cm), extremely high TDS (2384.5 mg/L) and extremely high salinity (1.89 ppt) compared to other clusters. VH cluster has very high EC (1278.6 μS/cm), very high TDS (1161.88 mg/L) and very high salinity (0.905 ppt). 

H cluster has high EC (1094.75 μS/cm), high TDS (608.05 mg/L) and high salinity (0.52 ppt). M cluster is characterised by moderate EC (556.25 μS/cm), moderate TDS (326.14 mg/L) and moderate salinity (0.24 ppt). L cluster has low EC (331.95 μS/cm), low TDS (175.52 mg/L) and low salinity (0.18 ppt). VL clusters has very low EC (246.9 – 321.68 μS/cm), very low TDS (147.89 – 194.01 mg/L) and very low salinity (0.10 – 0.14 ppt). On the other hand, the least or extremely low (EL) intruded sampling wells are B2, S1, M2, K1. This cluster has extremely low EC (140.15 – 189.15 μS/cm), extremely low TDS (84.34-111.96 mg/L) and extremely low salinity (0.06 – 0.09 ppt).



	
	

	Figure 2.  Dendrogram of spatial classification for EC of
                 sampling wells along Terengganu coastline

	

Figure 3.  Dendrogram of spatial classification for TDS       of sampling wells along Terengganu coastline



	



Figure 4.  Dendogram of spatial classification for salinity of sampling wells along Terengganu coastline
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Figure 5.  Saltwater intrusion intensity based on EC, TDS and salinity cluster analysis of sampling well along Terengganu coastline


Conclusion
According to principle component analysis (PCA) technique, two pollutants that affect the groundwater quality of sampling wells that located along Terengganu coastline are the saltwater intrusion and the anthropogenic pollutions such as waste dumping into the wells. Next, cluster analysis performed on EC, TDS and salinity has grouped sampling wells into seven clusters; EH, VH, H, M, L, VL, EL. The extremely high (EH) intruded by saltwater is groundwater of sampling well B3 compared to other wells, very highly (VH) intruded well is B4, highly (H) intruded is KT1, moderately (M) intruded is B1, less or low (L) intruded is M3, very low intruded sampling wells are S2, KT2, M1 and D1 meanwhile, extremely low intruded wells are B2, S1, M2 and K1.     
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