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Abstract: Groundwater chemistry of small tropical islands is influenced by many factors,
such as recharge, weathering and seawater intrusion, among others, which interact with
each other in a very complex way. In this work, multivariate statistical analysis was used to
evaluate the factors controlling the groundwater chemistry of Kapas Island (Malaysia).
Principal component analysis (PCA) was applied to 17 hydrochemical parameters from
108 groundwater samples obtained from 18 sampling sites. PCA extracted four PCs,
namely seawater intrusion, redox reaction, anthropogenic pollution and weather factors,
which collectively were responsible for more than 87% of the total variance of the island’s
hydrochemistry. The cluster analysis indicated that three factors (weather, redox reaction
and seawater intrusion) controlled the hydrochemistry of the area, and the variables were
allocated to three groups based on similarity. A Piper diagram classified the island’s water
types into Ca-HCOs water type, Na-HCO; water type, Na-SO4-Cl water type and Na-Cl
water type, indicating recharge, mixed, weathering and leached from sewage and seawater
intrusion, respectively. This work will provide policy makers and land managers with
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knowledge of the precise water quality problems affecting the island and can also serve as
a guide for hydrochemistry assessments of other islands that share similar characteristics
with the island in question.

Keywords: groundwater; hydrochemistry; island; multivariate statistics; pollution;
seawater intrusion

1. Introduction

Groundwater is becoming the main source of freshwater for domestic, agricultural and other human
activities in many places, particularly in coastal areas [1] where rapid population growth and intensive
economic activities are pushing the demand for fresh water to its limits [2]. This is even more severe in
small tropical islands such as Manukan Island (Malaysia) where groundwater has no substitute in
providing fresh water [3], despite the high amounts of annual rainfall (more than 2,000 mm) such
islands receive, especially during monsoon season [4]. Most of this rainwater is being lost to the sea
through runoff before recharging the aquifer, mainly due to the topographical and hydrogeological
characteristics of the islands. Moreover, exploitation of groundwater resources is escalating in attempts
to meet the increasing demands, particularly of the fast growing tourism industry [5]. This can lead to
the deterioration of groundwater by seawater intrusion, which has been identified as one of the major
problems affecting groundwater [4]. In addition, complex interactions of multiple factors such as
geology, mineral composition of an aquifer, weathering, water-rock interactions, topography, tidal
effects, climate and anthropogenic activities are important determinants of groundwater quality [6-8].
Therefore, effective pollution control and sustainable water resources management are necessary to
tackle such challenges of water quality [9]. These require a lot of research work that can provide an
in-depth understanding of the current quality situation and of any factors influencing the groundwater
chemistry [10], which is sadly lacking [11]; thus very little is known about the hydrochemistry status
of groundwater in small tropical islands [5].

Multivariate statistical analyses such as principal component analysis (PCA) and cluster analysis
(CA) provide a reliable alternative approach for understanding and interpreting the complex system of
water quality with the capability of analyzing large amounts of data [9] and distinguishing complex
relationships among many variables [12]. As such, multivariate statistical analysis has been used by
many researchers all over the world to analyze water quality. For example, in India, Singh et al. [13]
analyzed the suitability of groundwater in Imphal for drinking and for domestic and agricultural
activities using CA, PCA, and factor analysis (FA). In northeastern Tunisia, Tlili-Zrelli et al. [14] used
multivariate statistical analyses, combining PCA and hierarchical cluster analysis (HCA) to investigate
natural and anthropogenic processes controlling the groundwater mineralization and quality.
Multivariate statistical analysis was also used by Akbal et al. [9] to study water and sediment quality
on the mid-Black sea coast of Turkey. By applying PCA, they were able to extract five and three
factors that were responsible for 87.63% and 84.73% of the total variations in surface water and
sediments, respectively. Shyu et al. [15] integrated factor analysis with kriging and information entropy
theory to determine the stability of groundwater quality variation in Taiwan between 2005 and 2007.
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This work puts multivariate statistical analysis to the test, with the aim of assessing the groundwater
quality and evaluating various factors and processes influencing the hydrochemistry and quantitative
contributions of each factor to the variations in groundwater chemistry of Kapas Island.

The choice of Kapas Island for this study is based on the fact that the island falls under the category
of small islands [16] with a total area of about 2 km? and there is no surface water available for use,
therefore it relies totally on groundwater resources for domestic and other uses, leading to over-exploitation
of the groundwater to meet the increasing demand. Furthermore, over 80% of the island is hilly, which
means fewer recharge areas and runoff of most of the rainwater into the sea. Its geology and
topography in addition to the sea bordering the island from all directions make Kapas Island vulnerable
to pollution from human activities and seawater intrusion due to intense pumping of the groundwater,
especially with the current increase in tourism. Therefore, to effectively and properly protect
groundwater, it is crucial to be able to evaluate the factors influencing the groundwater chemistry and
translate this information (which is currently lacking) into a reliable and sustainable water management
strategy that will guide end-users, such as land and water-resources managers, to prevent or minimize
harmful impacts on groundwater quality and to ensure sustainability of fresh water resources for both
human use and ecosystems in general.

2. Study Area

Kapas Island is located in the northeastern part of Malaysia between 5°13.140'N and 103°15.894'E,
as part of Terengganu State, bordering the South China Sea, and at a distance of about 3 km from the
Marang coastal area. The total land area of the island is about 2 km? [17]. More than 80% of the island
is hilly, with a maximum elevation of 100 m. The island’s geology consists mostly of carbonaceous,
interbedded sandstone, siltstone, mudstone and shale. While shaly siltstone, conglomerate with quartzite
siltstone (Triassic-Jurassic age) and weathered tuff are found at the southern part of the island [18]
(Figure 1). The climate of the island is characterized as tropical, receiving about 2,800 mm of rainfall
annually, most of it during the monsoon season between November and February. The temperature
fluctuates between 28 and 31 °C, with a humidity of about 80% [17].

3. Materials and Methods
3.1. Sampling and Chemical Analysis

For this work, 18 sampling sites (15 boreholes and 3 open wells) were utilized. Two sampling
exercises were carried out for the months of August and September 2012, where 3 replicates of
groundwater samples were collected during each sampling exercise from each of the 18 sampling sites
(total of 108 samples for the 2 months) and were used to analyze the major ions. Prior to the sampling
survey, the water containers (polyethylene bottles) underwent an acid wash with 5% nitric acid
(HNO3) and were rinsed with distilled water. For every sampling point, the water level (W/L) was
measured followed by emptying the tube-well three times or pumping the water out of the borehole for
at least 10 min before taking water samples [17]. This was to ensure that the samples collected truly
represented the groundwater and not the stagnant water that resides in the bore hole.
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Figure 1. Map of study area showing sampling sites, elevation and lithology of the island

(a) and (b) cross section of the island from west to east. Modified from [18].
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In-situ parameters such as dissolved oxygen (DO), pH, oxidation-reduction potential (Eh) electrical
conductivity (EC), temperature (Temp) and turbidity (Tur) were measured in the field during sample
collection. Major anions such as bicarbonate (HCO3) and chloride (Cl) were immediately analyzed by
titration, while NO; and SO, were analyzed using a HACH (DR/2000) meter with 25 mL samples, as
reported previously [19]. The samples were filtered using 0.45 pum filter paper (Whatman Milipores,
Clifton, NJ, USA) and HNOj; acid was added to bring the pH below 2 [8,19]. The samples were then
stored at 4 °C and transported to the laboratory for analyses of the major cations (Ca, Mg, Na and K)
with an atomic absorption spectrophotometer (AAS) machine [17,20].

3.2. Statistical Analysis

Multivariate statistical analysis was applied for 17 water parameters utilizing correlation matrix,
PCA and HCA to evaluate factors influencing the groundwater chemistry and sources of pollution in
the island’s aquifer. First, the relationships between different water variables were determined using
Pearson’s correlation coefficient.

3.3. Principal Component Analysis

PCA is the most widely used technique among the families of multivariate statistical analysis [21].
It is a technique which identifies patterns in data and then presents them based on their similarities and
differences. Delineating patterns in data with a complex relation is not an easy task, thus utilizing PCA
in such a case (for example, water chemistry) would provide a reliable result [22]. The main aim of
PCA is to summarize a multivariate dataset by reducing the statistical noise in the data, exposing the
outlier, and then arranging the components in descending order (from the largest contributor to the
least) as accurately as possible with as few principal components as possible [23]. Normally the first
few PCs will interpret the variables with the highest variance in the case of large differences in
variance. Variables are normalized individually to unit variance and, as such, contribute equally when
the correlation matrix is used [24]. In this study, a Pearson correlation matrix was used to determine
the relationship between variables. The classification was based on Guildford’s rule of thumb for
interpreting the Pearson product moment correlation [25] (Table 1).

Table 1. Guildford’s rule of thumb for interpreting correlation coefficient [25].

r-value Interpretation
0.0 to 0.29 Negligible or little correlation
0.3t00.49 Low correlation

0.5t00.69 Moderate or marked correlation
0.7 to 0.89 High correlation
0.9 to 1.00 Very high correlation

The Kaiser-Mayer-Olkin (KMO) measure is applied first before executing the PCA; this is to
evaluate the suitability of PCA and to test the adequacy of samples. It is advisable only to proceed to
the next level if the KMO value is 0.5 and above [26]; in this study the KMO was found to be 0.646.
PCA extracts variables into groups known as principal components (PCs), with their eigenvalues,
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variability (%) and cumulative values (%) of individual and collective PCs, and these are used to plot a
graph from which the PCs with eigenvalue greater than 1 are retained.

3.4. Cluster Analysis

Cluster analysis is a multivariate statistical method that classifies variables into groups called
clusters based on their similarity to each other and dissimilarity to the other groups. This classification
is done objectively without prior assumptions regarding the data so as to uncover structure or
underlying patterns of the original data set [27]. Here, cluster analysis was applied to the physical and
chemical parameters of groundwater.

4. Results and Discussion
4.1. Statistical Summary

Table 2 presents the statistical summary of the groundwater hydrochemical parameters of Kapas Island
for the months of August and September 2012. The groundwater pH shows both acidity and alkalinity,
but the low pH 4.5 was found in the middle and the lowest parts of the island (Figure 1).

Table 2. Statistical summary of Kapas Island groundwater chemistry for the months of
August—September 2012.

Variable Units Minimum Maximum Mean Std. deviation

Ca mg L' 1.1 254.4 69.9 48.2
Mg mg L' 1.0 496.2 47.7 117.2
Na mgL™ 3.0 1,920.7 2413 563.6
K mg L' 0.5 83.3 14.0 24.2
HCO; mgL™ 48.8 7,320.0  613.1 1,511.0
Cl mg-L™’ 31.0 6,198.1  517.7 1,455.1
SO, mg-L™ 1.0 500.0 70.3 134.6
NO; mg L' 0.4 10.6 1.7 23
EC pS-cm™ 1386  14,085.0 1,756.5 3,463.4
Salinity mg- L™’ 0.1 7.9 0.9 1.9
pH - 45 7.7 6.9 0.9
DO mg-L™ 23 9.7 6.5 1.5
Tur NTU 0.9 1,2907.0  235.8 407.9
Temp °C 27.4 30.5 28.8 1.0
W/L m 1.1 3.3 2.4 0.5
Eh mV -20.8 195.4 25.9 58.1
TDS mg L 70.3 8,213.1 9883 2,020.5

Moreover, this area was characterized by the lowest HCO3 48 mg-L ™" and high SO4, which may be
as a result of the runoff waterways that continue to moisturize the area and increase the dissolved
organic carbon (DOC), eventually leading to a decrease in pH [28]. Furthermore, chemical reactions in
the area may also influence redox reaction due to leaching from sewage; hence sewage and DOC are
believed to have a significant influence on redox reaction [29]. Total dissolved solids (TDS) values on
the island range from 70 to >8,000 mg-L™', indicating the likelihood of seawater intrusion. TDS, EC
and salinity were strongly correlated with all the major ions except NOs, which indicates that TDS, EC
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and salinity are influenced by these major ions. The order of abundance for the cations was found to be
Na > Mg > Ca > K and for anions was HCOs> Cl > SO4 > NO3. The HCO3 was found to be the most
abundant anion in the study area. The presence of HCOs in the groundwater could be due to the
dissolution of carbonate materials from the corals found in the marine sand deposits [18].

4.2. Correlation

The correlation matrix (Table 3) describes the interrelationship between variables [30], and the
results for 17 hydrochemical parameters show that very high positive correlation exist between Mg-Na
(r=20.93, p<0.01), Mg-HCO; (r = 0.92, p < 0.01), HCO3-Cl (r = 0.95, p < 0.01), Mg-Cl (r = 0.99,
p <0.01), Mg-SO4 (r =0.92, p <0.01), Na-K (r = 0.95, p <0.01), Na-Cl (r = 0.90, p < 0.01), CI-SO4
(r=0.90,p <0.01), Na-SO4 (r =0.95, p <0.01) and K-SO4 (r =0.90, p < 0.01) and very high negative
correlation exists between pH and Eh (r = —0.96, p < 0.01). High positive correlation exist between Mg
and K (r = 0.85, p < 0.01), Na and HCOs (r = 0.73, p < 0.01) and HCO;-SO4 (r = 0.74, p < 0.01).
There is high positive correlation between Ca and Mg (r = 0.7, p < 0.01), Ca-HCOs (r = 0.74,
p <0.01), Ca-Cl (r = 0.71, p < 0.01) and K-CI (r = 0.8, p < 0.01). A moderate positive correlation
exists between K-HCO; (r =0.63, p <0.01), K-Ca (r =0.52, p <0.05) and SO4-Ca (r = 0.55, p <0.05),
and a moderate negative correlation exists between DO-NO; (r = —0.62, p < 0.01). EC, salinity and
TDS have very high correlation of (r =1, p < 0.01) with one another and very high, high and moderate
correlations with Mg, Na, K, Cl, SO4, HCO;3 and Ca (r = 0.99, 0.95, 0.91, 0.98, 0.94, 0.88 and 0.69
with p < 0.01), respectively. This suggests that EC, salinity and TDS are controlled by these ions [31].
Ca, Mg and HCOs; are the most abundant ions in natural water [32], while Na and Cl are the most
abundant ions in seawater; therefore, a high correlation of Na and ClI in groundwater is an indication of
saline water intrusion in coastal aquifers [33]. The relationships between the physicochemical
parameters are given in Figure 2. From Table 3 it is quite clear that most of the parameters were
significantly correlated with HCO3, which could be an indication that the aquifer system may have
experienced various processes such as ion exchange, water-rock interaction and weathering of the
aquifer’s parent material, therefore making HCO; a dominant ion in the island water chemistry [17].
For example, the correlation matrix shows high positive correlation between Ca and HCOs, which
indicates recharge [34]; at the same time it can also be an indication of weathering of calcite mineral,
as illustrated in Equations (1) (carbonate acid formation) and (2) (calcite weathering equation):

H,0 + CO, — H,CO4 (1)

CaCO;5 + CO, + H,0 — Ca?* + 2HCO3 (2)

First, H,O in the atmosphere reacts with CO;, to form carbonic acid (Equation (1)), then the
rainwater falls on the land surface and dissolves part of the aquifer’s parent material, CaCO; (calcite) [17],
as shown in Equation (2). These processes give rise to surplus Ca and HCOs ions, thus during the
recharge process a lot of Ca and HCOs ions are released into the groundwater. The correlation matrix
also shows a significatant positive relation between HCO;3;, Mg, and Ca, which is an indication of
weathering of dolomite, as shown in Equation (3):

CaMg(CO5), + 2C0, + 2H,0 — Ca?* + Mg?* + 4HCO3 3)



Int. J. Environ. Res. Public Health 2013, 10 1868

Table 3. Correlation matrix of the hydrochemical parameters.

Variables Ca Mg Na K HCO; Cl SO, NO; EC Salinity  pH DO Tur Temp  WJ/L Eh TDS
Ca 1

Mg 0.700 ** 1

Na 0.606 ** 0.931 ** 1

K 0.524*  0.853 ** 0.949 ** 1

HCO5 0.737 ** 0920 ** 0.731 ** 0.632* 1

Cl 0.713 **  0.994 **  0.897 ** 0.809 ** 0.950 ** 1

SO, 0.550*  0.924 ** 0.954 ** 0.904 ** 0.743 ** 0.899 ** 1

NO; —0.056 0.101 0.164 0.440 0.036 0.069 0.127 1

EC 0.688 ** 0990 ** 0.955** 0913 ** 0878 ** 0976 ** 0941 ** 0.206 1

Salinity 0.689 ** 0992 ** 0954 ** 0.909 ** 0.881 ** 0.978 ** 0.942 ** 0.195 1.000 ** 1

pH 0.246 —0.109 —0.058 —0.037 —0.134 —0.142 —0.228 0.029 —0.083 —0.091 1

DO 0.052 0.042 0.039 —0.142 0.071 0.069 0.062 -0.622 ** —0.019 —0.007 -0.391 1

Tur —0.086 -0.200 -0.217  -0.252 —0.151 —0.181 -0.187  —0.114 -0.211 -0.216  —-0.287  0.086 1

Temp —0.152 -0.224  -0.323 -0.305 —0.126 —0.190  —0.286 0.058 —0.225 —0.226 0.057 -0.379 0.048 1

W/L 0.128 —0.055 -0.110  —0.114 0.050 —0.025 —0.185 0.031 —0.063 —0.072 0.308 —0.493 * 0.249  0.351 1

Eh —-0.328 0.039 —0.024  —0.047 0.078 0.071 0.184 —0.075 0.005 0.012 —0.964 ** 0.329 0.287 —0.073 -0.235 1

TDS 0.689 ** 0991 ** 0953 ** 0.910 ** 0.882 ** 0.977 ** 0.940 ** 0.202 1.000 ** 1.000 ** —0.088  —0.015 -0.210 —-0.223 —0.063 0.010 1

*% Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the 0.05 level (2-tailed).
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Figure 2. Bivariate linear graphs of the most significant parameters at p < 0.01.
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A very high positive correlation exists between HCO;3; and Na, Cl and Ca; this is an indication of
interaction between fresh and saltwater. The concentrations of Ca in the groundwater may decrease
while the concentration of Na increases during groundwater mixing, which are the interactions with the
aquifer matrix. The Ca ions are substituted by the Na ions on the solid surface, as demonstrated in the
equation below:

1 1
Na—X+ECa+ —>Na++§Ca+ 4)

X is considered to be a soil exchanger, and the groundwater comes into contact with Na, which
originated from seawater or halite minerals (NaCl) that precipitated on the aquifer matrix. The Na ion
pushes away the Ca ion and thereby becomes dominant in the groundwater through the process of
cation exchange. As such, Na ion increases in the groundwater solution [17], while Cl remains
unchanged due to its ability to resist changes.

A high correlation between HCO3 and SO4 could mean intensive weathering [35], but detection of
sulfate concentrations in an aquifer formed of carbonate rocks is rather complicated, as it means that
there is a significant amount sulfur minerals in the carbonate aquifers. This requires an alternative
explanation because carbonate aquifers hardly contain measurable concentrations of sulfur minerals [36].
However, during the groundwater sampling survey, sulfide odors in the groundwater samples were
noted, suggesting the presence of hydrogen sulfide in the groundwater of the island. This justifies an
earlier finding [17] which suggested that a sulfate reduction process is responsible for the odor, as
shown in the following equation:

S02~ + 2HC, 0 © H,S + 2HCO3 )

An anaerobic environment such as a closed groundwater system on an island is suitable for the
growth of sulfate-reducing bacteria (SRB) and, subsequently, the development of H,S in groundwater.
Some part of the island is undergoing reclamation activities, which might be the reason for the increase
in H,S concentrations. Therefore, the main source for SO, is probably due to H,S reduction, as
hydrochemical conditions within the aquifer are generally reduced [17]. The enrichment in SO4 can
also originate from degradation of organic substances from topsoil and runoff water, leached sulfates
from agricultural areas due to fertilizer application, sewage and other human activities [36]. The
moderate negative correlation between DO and NOs is an indication of anthropogenic pollution with
lots of microbial activity in the area [31]. The high negative correlation between Eh and pH is a sign of
the stability of water and shows that most of the redox reactions on the island are pH dependent [37].

4.3. Extraction of Components

PCA was applied to the 17 physiochemical parameters and it yielded 17 PCs (Table 4), but only
PCs with eigenvalue greater than 1 are considered to be the most important [1,38], thus four PCs
appear to be significant (Figure 3, Table 5), and the higher the eigenvalue of a PC, the greater the
contribution of that particular PC to the variability of the groundwater chemistry [39]. For the
interpretation of the factors that are of high significance without changing the variance, factor rotation
using varimax, which is the most popular rotation technique [40], was employed.
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Table 4. Eigenvalue, variability and cumulative % of each of the extracted components.

Components Eigenvalue Variability (%) Cumulative %
PC1 9.008 52.986 52.986
PC2 2.725 16.028 69.015
PC3 1.654 9.732 78.747
PC4 1.418 8.340 87.087
PCs5 0.872 5.129 92.216
PCo6 0.474 2.786 95.002
PC7 0.407 2.394 97.396
PC8 0.215 1.266 98.662
PC9 0.175 1.027 99.690
PC10 0.035 0.206 99.896
PC11 0.009 0.054 99.950
PC12 0.005 0.027 99.977
PC13 0.002 0.014 99.990
PC14 0.001 0.007 99.997
PC15 0.000 0.003 100.000
PC16 0.000 0.000 100.000
PC17 0.000 0.000 100.000

Components in bold are considered to be the most significant.

Figure 3. Scree plot of principal components.
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According to Kaiser’s criterion, otherwise known as the eigenvalue-one criterion, which is one of
the most commonly used criteria for solving the number-of-components problem in PCA [40], one should
only retain and interpret any component with an eigenvalue greater than 1.00. This is because each of
the observed variables contributes one unit of variance to the total variation in the data set. As such,
any component that displays an eigenvalue greater than 1.00 is believed to be responsible for a greater
amount of variation than is contributed by one variable. Thus a component with such a characteristic is
responsible for a significant amount of variance and deserves to be retained, whereas a component
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with an eigenvalue less than 1.00 is responsible for less variation than is contributed by one variable.
However, the main aim of PCA is to decrease the number of observed variables to a relatively smaller
number of components without jeopardizing the actual interpretation of the data in question; therefore
retaining components that account for less variance than contributed by individual variables defeats the
aim of PCA. For this reason, components with eigenvalues less than 1.00 are viewed as trivial and are
not retained [41].

Table 5. Factor loadings after varimax rotation.

Variables PC1 PC2 PC3 PC4

Ca 0.752 -0.362 —0.280 0.135
Mg 0991 0.017 -0.004 -0.070
Na 0934 -0.027 0.097 -0.211
K 0.865 —0.033 0.364 —0.232
HCO; 0912 0.036 —0.130 0.093
Cl 0.987 0.045 —0.049 -0.023
SO, 0922 0.154 0.091 -0.215
NO; 0.123  0.007 0.908 0.001
EC 0989 -0.004 0.100 —0.091
Sal 0.989 0.001 0.089 —0.098
pH —0.088 —0.968 0.054 0.112
DO 0.012 0.299 -0.762 —0.467
Tur —0.147 0.444 —0.246 0.503
Temp —0.205 0.000 0.197  0.635
W/L 0.019 -0.226 0.053  0.848
Eh 0.016 0.966 —0.053 —0.074
TDS 0.990 0.000 0.094 —0.089
Eigenvalue 9.009 2719 1.653 1.436

Variability (%) 52.993 15995 9.726  8.450
Cumulative %  52.993 68.988 78.714 87.164

The PCA result consists of four PCs that cumulatively account for 87% of the total variance in the
hydrochemistry. The first component, PC1, which normally accounts for the most significant process [42],
explains 52.99% of the total variance with an eigenvalue of 9. The PC consists of all the major ions
with the exception of NOj. These ions show strong positive loading with salinity, TDS and EC,
suggesting that TDS, salinity and EC depend on contributions from the major ions. This component
indicates an interaction between seawater and fresh water. It can also be noticed that Ca is relatively
low compared to other major ions, especially Na; this is due to a cation exchange process, which takes
place naturally when seawater intrudes in an aquifer [3]. One of the major advantages of PCA in the
hydrochemical analysis is its ability to interpret each factor based on specific or multiple
hydrochemical processes [43]. It is possible to have a single PC with multiple processes, as reported
previously [1,42—44]. This is also the case for PC1(Table 5), where apart from the chemical process of
seawater intrusion, other processes such as high loading of Ca-HCO3, which results from recharge or
fresh water [5], and strong loading of HCOs;-Mg and Ca indicate weathering [35], even though
seawater intrusion is the dominant process.
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PC2 accounts for 15.9% of the variance, which consists of a strong positive loading of Eh and
strong negative loading of pH with a weak loading of Tur. As explained by Kehew [45], understanding
of contaminants’ hydrogeology is impossible without the knowledge of the redox process taking place
in a given aquifer. This is because Eh is directly or indirectly responsible for biochemical reactions and
the activities of microorganisms, especially with regards to the process of biodegradation involving
oxidation or reduction as well as the mobility of many elements. Hence Eh changes with the increase
in organic matter [46], boosting activity by microorganisms and eventually creating a reduction in
oxygen due to high oxygen demand. On the other hand, pH shows negative loading, which is likely
influenced by the increase in DOC from runoff and leached from sewage, making the Eh reaction in
the area dependent on the pH. A similar relationship between redox and pH was also reported by
Morales et al. [47]. PC2 indicates a weak loading of turbidity, which can be explained by the fact that
turbid water contains organic matter that would eventually attract microorganisms.

The third PC has 1.6 eigenvalue, explains 9.7% of the total variability and consists of strong
positive loading of NOs and strong negative loading of DO. This suggests anthropogenic pollution [31].
This can be explained by the fact that NOs, which is an indicator of human pollution (usually sourced
from domestic activities, sewage, agriculture and DOC), attracts microorganisms, thereby elevating the
oxygen demand and leading to the depletion of DO.

PC4 accounts for 8.4% of the total variability with 1.4 eigenvalue. It consists of strong loading of
water level (W/L) and moderate loading of Temp and Tur. This PC represents the natural or weather
factor [28] where the strong loading in W/L shows recharge by rainfall creating more Tur and together
altering the Temp.

4.4. Cluster Analysis

Cluster analysis was applied to the groundwater variables and the resulting factors were classified
into three major groups based on the similarities among the variables and dissimilarities to other groups.

The first group, CA1l, as shown in Figure 4, consists of all the major ions that strongly influenced
TDS, EC and Sal. This group explains multiple processes affecting the groundwater, ranging from
NOs, which is indicative of anthropogenic pollution [31], to Ca-HCO3;, HCO;-SO4, and Mg-Na-Cl,
which are indicative of freshwater recharge [34], weathering or leached from sewage [35] and seawater
intrusion [3], respectively.

The second group, CA2, contains Tur, DO and Eh. Microbial activity and organic matter are
associated with an increased turbidity [48]. In line with this, microbial activity causes an increase in
oxygen demand, which affects DO. As the DO decreases, Eh is altered giving rise to change in
hydrogen ions in water. As explained by Nelson [28], Eh, Temp and pH are responsible for chemical
reactions taking place in groundwater.

The last group, CA3, consists of three variables, namely pH, Temp and W/L. This group can be
categorized as weather or natural factor because virtually all the group members are directly or
indirectly associated with weather. Usually, rainwater is slightly acidic [28] and this acidity increases
as the runoff carries organic materials and recharges the aquifer. When the water level rises and the
temperature is altered, higher temperature increases chemical and microbial activities. This is because
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temperature is a major factor affecting almost all physiochemical equilibriums and biological reactions
in water [49].

Figure 4. Dendrogram based on the clustering of groundwater quality data.
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Note that there is a little variation or adjustment, as the case may be, between PCA grouping and
CA classification, as it can be seen that PCA grouped the variables into four groups of factors, namely
seawater intrusion, redox reaction, anthropogenic and natural factors (see Table 4), while CA classified
the variables into three classes: seawater intrusion, redox reaction and natural factors (Figure 3). This
might have to do with the fact that PCA is a statistical tool that extracts components from a random
matrix of original variables while CA regroups variables by classifying them into their true groups
based on similarities to one another and their dissimilarities to other group members [1]. For example,
the first component here, which is PCA1, consists of all the major ions with the exception of NOs, and
these major ions are believed to be responsible for the salinity, EC and TDS of the water [31].
However, in CA, the first CA class (CA1), which reflects the same factors as PCA1, has an additional
member, NOs, which was originally a member of PCA3. This is likely due to the fact that NO;
concentration in the island’s groundwater is relatively uniform and low, approximately 1 mg-L ™",
except for one sampling site, K5, where it was recorded as 10 mg-L™". This is clearly an isolated case,
as shown by other sampling sites. The reason for high concentration of NOj in this particular sampling
site may have to do with its proximity to a septic tank, which was located almost 30 m away from that
site, and leaching from sewage is known to be one of the major sources of NOj; pollution in
groundwater [29,31]. Another interesting fact is how PCA and CA demonstrate the interrelationship
between grouping by PCA and the classification by CA. For example, CA3 reflects PCA4 with little
alteration with regards to regrouping the variables. In this CA, Tur is replaced by pH, which can be
attributed to rainwater, which is slightly acidic represented by pH, triggers the Tur through runoff, as
the water carries a variety of materials, including organic matter, and then recharges the aquifer which
raises the W/L and alters the temperature. Increased temperature provides organisms with a more
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suitable environment for their activities, which in turn affects Eh. This explains how all the variables in
this group (Temp, W/L and pH) are interrelated.

The grouping of variables by CA justifies the earlier classification by PCA with few adjustments.
As can be recalled, the grouping of variables was based on similarities and dissimilarities among
variables with respect to processes affecting them [27].

4.5. Groundwater Classification

The classification of groundwater types was based on a trilinear Piper diagram [50], where all major
ions are used for the classification (Figure 5). Most of the samples are within the Ca-HCO; water type,
which can be interpreted as fresh or recharge water [5,34]. The second water type represented by M4
and CMW (Figure 1) sampling sites on the island is Na-HCO3 water type, suggesting shifting of water
type from Ca-HCO; to Na-HCOs; [17] or water-rock interactions [35]. Na-Cl water type was found in
QW and CPW sampling sites; both are open wells, characterized by high EC, TDS and salinity, and
have been in use for over a decade; moreover, these sampling sites are located less than 50 m from the
sea. This suggests that the continuous exploitation of groundwater has led to seawater intrusion [5].

Figure 5. Piper plot of the groundwater samples of Kapas Island (for the months of
August—September 2012).
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The last water type on the island, represented by M3 sampling point, was found to be Na-SO4-Cl
type, yet it was not classified as seawater intrusion because this chemical composition is not similar to
that of seawater intrusion in the island. This sampling site has the lowest pH (4.5) and HCOs in the
area and, at the same time, contains high SO4 concentrations. The occurrence of high SO,
concentrations in parts of the island (e.g., M3) is believed to be from either of the following sources or
a combination of both. Firstly, the fact that the sampling exercise took place in pre-monsoon season,
this show that high value of SO, in some parts of the island groundwater is likely source from the
breaking of organic substances from topsoil/water [36]. Secondly, the island is highly congested with
many sewage systems, septic-tank and other sanitary disposal systems, which significantly contributes
SOy into the shallow aquifer. Thus, the low concentration of NOs or SO4 in most parts of the island
doesn’t mean that the groundwater in those areas has not been contaminated by leached from septic
tanks, and other methods of sanitary disposal, but rather, the redox reactions in the island aquifer as
indicated in Equation (5) hurriedly reduces both SO4 and NO; from the groundwater [51].

5. Conclusions

Physical and chemical parameters of Kapas Island were successfully analyzed with PCA and HCA
to evaluate factors influencing the groundwater chemistry of the area. The hydrochemistry of the
island’s groundwater was found to be influenced by four factors, namely seawater intrusion, redox
reaction, anthropogenic pollution and weather factor. PCA results suggest that the first component is
the highest and the most influential factor regarding the chemistry of the groundwater, and it involves
multiple processes (recharge, weathering and seawater intrusion), the dominant of which is seawater
intrusion. Except for NO; that was characterized as the PC3 source from anthropogenic pollution, all
major ions contributed in PC1 and together they controlled TDS, EC and salinity. PC2 and PC4 were
found to be influenced by redox reactions and natural or weather factors, respectively. The resulting
output of HCA justified the earlier interpretation of the influencing factors by PCA.

Furthermore, the Piper diagram suggests that most of the sampling points fall within the Ca-HCO3
fresh water type, while CW and M4 sampling sites were found to be Na-HCO; mixed water types. M3
sampling site, on the other hand, had Na-SO4-Cl water type, indicating redox reaction and leaching
from sewage. Additionally, QW and CPW sampling sites were identified as Na-Cl water types,
indicating seawater intrusion, which was not surprising as both wells were situated near the sea and
have been in use for more than 10 years.
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