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Abstract: Clean and safe drinking water is an integral part of daily living and is considered as a
basic human need. Hence, this study investigated the suitability of the domestic water (DW) and
groundwater (GW) samples with respect to the presence of metals and metalloid (MMs) in San Jose,
Occidental Mindoro, Philippines. The MMs analyzed in the area of study for DW and GW were
Arsenic (As), Barium (Ba), Copper (Cu), Chromium (Cr), Iron (Fe), Lead (Pb), Manganese (Mn),
Nickel (Ni), and Zinc (Zn). The results revealed that Pb has the mean highest concentration for DW,
while Fe is in GW resources in the area. Quality evaluation of DW and GW was performed using
Metal Pollution Index (MPI), Nemerow’s Pollution Index (NPI), and Ecological Risk Index (ERI).
The mean NPI value calculated for DW was 135 times greater than the upper limit of the unpolluted
location category. The highest NPI observed was 1080 times higher than the upper limit of the un-
polluted site category. That of the ERI observed in the area was 23.8 times higher than the upper
limit for a “low” ERI category. Furthermore, the health risk assessment (HRA) of the GW and DW
of the study area revealed non-carcinogenic health risks of the MMs analyzed in GW samples, and
potential carcinogenic health risks from As, Cr, Pb, and Ni in DW. The use of machine learning
geostatistical interpolation (MLGI) mapping to illustrate the PI and health risk (HR) in the area was
an efficient and dependable evaluation tool for assessing and identifying probable MMs pollution
hotspots. The data, tools, and the process could be utilized in carrying out water assessment, the
evaluation leading to a comprehensive water management program in the area and neighboring
regions of similar conditions.
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1. Introduction

Water is fundamental in sustaining the quality of life in a community, as it is also
attributed to the health, food, and economy of the area. Sustainable Development Goal 6
intends to guarantee the access of all people to clean and affordable water sources, espe-
cially those in remote areas. However, due to continuous changes in the landscape, land
use, and anthropogenic processes, water resources have been compromised, which poses
a threat to the people in the nearby communities, especially in remote regions, since these
water resources are the only source for domestic and agricultural activities [1]. Due to its
possible toxicity and probable health adverse effects, metals and metalloid (MMs) con-
tamination in water resources are of paramount concern. The pollution of water resources
is a result of either natural processes, such as weathering of rocks and runoff, or
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anthropogenic activities, such as mining, industrial, and agricultural activities. A hazard-
ous concentration of MMs could build up and have negative consequences on the envi-
ronment and human health. As their concentrations increase, these MMs may cause more
harm to the environment and water systems. When water supplies and the ecosystem are
poisoned with high amounts of MMs, health issues and consequences are imminent [2,3].
The quality of drinking and irrigation water supplies declines as a result of MMs migra-
tion to water resources. Furthermore, a high concentration of MMs from both anthropo-
genic and natural sources has a detrimental effect on domestic water (DW) quality [4]. The
DW is defined as water used by the population for drinking, cooking, and bathing. The
list of abbreviations and symbols used in this study is presented in Abbreviations Section.

The MMs that are naturally present in the earth’s crust are transferred into water
resources through weathering and decomposition of metal rock and ores, whereas MMs
from anthropogenic activities are released through automobile emissions, improper man-
agement of waste, the burning of fossil fuels, the usage of fertilizer and pesticides, un-
treated wastewater, and atmospheric precipitation from mineral extraction, metal pro-
cessing, and agricultural operations [5]. Investigations of water quality have been con-
ducted on a regional scale to evaluate the current state of the water resources in reference
to the MMs present in the area [6,7]. Table Al in Appendix A enumerates the MMs pollu-
tion and health risk assessment (HRA) studies in various regions of the world.

The HRA is a valuable instrument to assess and appraise the probability of health
effects with respect to MMs [8]. The elevated concentrations of arsenic (As) [9], barium
(Ba) [10], and manganese (Mn) [11] have adverse effects on human health. Metals like
copper (Cu), iron (Fe), nickel (Ni), and zinc (Zn) are necessary for the regular growth and
functioning of living organisms [12]; however, excess amounts will lead to adverse health
effects, too.

The use of GIS to further reinforce the calculated pollution index and health risks has
been implemented to several DW and environmental monitoring studies, including MMs
in shallow GW in a lake plain in China [13]; MPI of GW in a city in India [14]; HEI and
HRA in a GW plain in Iran [15]; WQI, MP], and PI in a surface water body in Egypt [16];
WQI, MPI, HEI, and HRA in a river and stream in Turkey [17,18]; and WQI, HPI, HEI,
and HRA and identification of pollution hotspots in a river in Ethiopia [19]. A good
knowledge of the geochemical origin of the pollutants in water resources was obtained by
the mapping of the MMs concentration and associated risk indices [20].

Domestic water quality monitoring with respect to MMs concentration has been a
challenge in the Philippines due to several factors such as: cost of portable devices used
for on-site detection and analysis, laboratory fees for MMs tests and analysis, proximity
of sampling sites to the capable laboratory, limited number of laboratories capable of con-
ducting MMs detection and analysis, and government permits to purchase instruments
calibration standard solutions, among related others. In the province of Occidental Min-
doro, only a limited number of research works have been carried out to detect and analyze
MMs in DW and create spatial concentration maps of MMs and their associated indices
that can identify pollution hotspots. Hence, the current work investigated the suitability
of the water resources in the municipality of San Jose province of Occidental Mindoro,
Philippines for domestic consumption, evaluated the risks of possible pollution, and cre-
ated spatial distribution maps to determine the pollution hotspots. This is with respect to
and degree of concentrations of metalloid arsenic (As) and metals such as Ba, Cu, chro-
mium (Cr), Fe, lead (Pb), Mn, Ni, and Zn. The outcomes of this research offer additional
data on the existence of MMs in DW resources and help locals create preventive measures,
as well as allowing for environmental health professionals to lessen the adverse impacts
of MMs in the water resources. It can also be used as a source of data and benchmark
activities to create strategic programs to mitigate the presence of elevated MMs concen-
trations in the Philippines and other neighboring regions.

The DW is basically the potable freshwater that each household uses for everyday
needs. However, due to some malpractices and lack of knowledge, unintentional



Sustainability 2023, 15, 3667

3 of 37

contamination occurs. The DW is supplied by utility companies that have extracted water
underground, as well as some from surface water, but have done traditional treatment
before distribution to households and commercial establishments. Some households have
their own shallow well for their DW needs.

2. Materials and Methods
2.1. Description of the Study Area

The municipality of San Jose is a coastal municipality in the province of Occidental
Mindoro, in which the municipal center is located at 12°21" N, 121°4’ E with an average
natural grade line (ground) elevation of 7.8 m above mean sea level. The municipality has
a total land area of 446.70 km?, which is 7.63% of the total area of the province of Occi-
dental Mindoro [21]. Geographically, San Jose is 173 km from the municipality of Mam-
burao, the capital city of the province. The municipalities of Rizal and Calintaan,
Mansalay, Bulalacao, Magsaysay, and the Mindoro Strait form the northern, eastern,
southern, and western borders of San Jose, respectively [22]. The map of the study area is
presented as Figure 1.

Figure 1. Area of the study.

Based on the 2020 census, the total population of the San Jose municipality was
153,267, which constitutes of 29.17% of the total population of the province. San Jose is
comprised of 39 barangays (the smallest administrative unit of the local government),
with Barangay San Roque as the most populous barangay with 10.26% of the total popu-
lation of the municipality [23]. The climate in Occidental Mindoro is Type I, with two
distinct seasons. The weather is dry from November to April and rainy the rest of the year
[24] with runoff that contributes to the pollution of water resources.

A total of 11 rivers and creeks cut through the town, creating a network that also acts
as a natural drainage system. A tributary river system to the Busuanga River exists in the
region and is the primary source of irrigation for agricultural land. The barangays of San
Jose are divided among four watersheds on the mainland and one on an island, with a
combined size of around 626.2 km? These watersheds are Busuanga, Cabariwan, Cagu-
ray, and Labangan. Table 1 lists the watersheds along with their coverage area and the
included barangays. Watersheds are important in water resources for domestic supply, as
they host surface water and groundwater (GW).
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Table 1. List of Watersheds in San Jose, Occidental Mindoro [25].

Name of Watershed Barangays Covered Area (km?)

Batasan, Camburay, Central, Monteclaro,

Busuanga Murtha, and San Agustin 199.96

Cabariwan Bay.otbot, Labangan Poblacion, Mal.nm, Man- 4734
garin, Mapaya, Natandol, and Pawican
Batasan, Bayotbot, Mapaya, Monteclaro, and

Caguray Murtha 52.39

Labangan All barangays except Mapaya 242.92

2.2. Sample Collection, Preparation, and Analysis

A total of 104 water samples (71 DW and 33 GW samples) were collected randomly
in different barangays of the municipality of San Jose, Occidental Mindoro. The 104 grab
samples were gathered using stainless steel samplers and stored in prepared acid-rinsed
one liter polyethylene (PE) bottles. This is to remove the possible contaminants in the PE
bottles. The PE bottles were all properly labeled, sealed, and placed temporarily in coolers.
The collection, preparation, and storage of the DW and GW samples were in accordance
with the EPA No. SESDPROC-301-R3 [26]. The coordinates of every sampling site were
recorded utilizing a Garmin Montana 680 GPS. The sampling locations for the DW and
GW are presented in Figure 2. The coordinates and corresponding elevations of the sam-
pling locations are enumerated in Appendix B.
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Figure 2. Sampling locations for domestic water and groundwater.

The water samples were transferred from PE bottles into zipper plastic #2 prior to
detection and analysis using Olympus Vanta XRF Spectrometer and Accusensing MAS
G1. High performance in situ elemental analyzers, such as the Olympus Vanta portable
XRF (pXRF) and Accusensing MAS, are suitable for a variety of environmental media,
including water samples. Prior to analysis, the pXRF was calibrated utilizing Olympus
Vanta blank in zipper plastic #2. The XRF was set to Geochem mode. The reliability and
viability on the use of Olympus Vanta XRF and Accusensing MAS for the detection of
MMs in water have been discussed in various works [27-32]. The Accusensing MAS G1
was used to analyze MMs that had returned LOD readings in the pXRF [30]. Several met-
als and metalloid including As, Ba, Cu, Cr, Fe, Pb, Mn, Ni, and Zn were detected and used
in the computation of PI and HR indices.
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2.3. Pollution Evaluation Indices
2.3.1. Metals Pollution Index (MPI)

The MPI can be described as the aggregate extent of the effects of MMs water re-
sources considering human consumption and metal contamination [33,34]. The recom-
mended standard values of the MMs was sourced out from the PNSDW 2017. The MPI is
based on the weighted arithmetic quality mean method expressed in Equation (1).

2.0W,
MP[ = =—— 1)

2,
i=l1

Wiis the weight unit and was calculated as 1/S;, wherein Si is the recommended standard
of the MM, nis the number of estimated metals, and Qi is the individual quality rating of
the MMs, and can be calculated as expressed in Equation (2) [35].

C
0, =100 )

1

wherein Ci is the measured concentration value of the MMs. The interpretation of the cal-
culated MPI values were divided into three categories, such as low (MPI < 90), medium
(90 < MPI < 180), and high (MPI > 180) [30].

2.3.2. Ecological Risk Index (ERI)

The potential ERI of the examined MMs was calculated by taking into account the
pollution index and Ti. The ERI is the summation of the product of the Ti of the MMs, and
the pollution index is the ratio between the concentration of the MMs in the sample and
the subsequent background values. The ERI for each water sample was calculated using
Equations (3) and (4).

ERI =) RI=3 T (P) ©

C
PI=—
C, @)

where ERIis the potential ecological risk factor of each metal, T:is the toxic-response factor
of the metal, PI is the pollution index, Csis the concentration of the metals in the sample,
and Cris the corresponding background value. The toxic-response factor of the metals was
as follows: As=10, Cu=5,Cr=1,Fe=1, Mn=1, Ni=1, Pb=5, and Zn = 1. The interpre-
tations of the ERI values were categorized as follows: low (ERI < 95), moderate (95 < ERI
<190), considerable (190 < ERI < 380), and very high (ERI = 380) [36,37].

2.3.3. Nemerow’s Pollution Index (NPI)

Based on the single factor pollution index, the NPI is an extensive pollution index
assessment. It is applied to evaluate the WQ at various sampling locations while also em-
phasizing the significance of different metals concentration in the water resources. The
NPI was calculated as the square root of the half of the sum of the squares of average and
maximum single factor pollution index (SFPI), shown as Equation (5).

2 2
NP — \/ (SFPL,.) ;—(SFPIM) 5

The SFPI is the ratio between the observed concentration and the evaluation standard
of the MMs, shown as Equation (6).
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C
SFPI =—
S (6)

The NPI is divided into five classes, which includes Class 1-Unpolluted (NPI < 1.0),

Class 2-Slightly Polluted Water (1.0 < NPI < 2.5), Class 3-Moderately Polluted Water (2.5
< NPI<7.0), and Class 4-Heavily Polluted Water (NPI > 7.0) [37-39].

2.3.4. Probabilistic Health Risk Assessment

The non—carcinogenic risk linked with oral pathway exposure to MMs, which is the
hazard index (HI) shown as Equation (7), was determined by employing the summation
of the HQ shown as Equation (8). This is the ratio between the CDI and RfD. The CDI was
calculated using the MMs concentration, and EF, ED, IR, AT, and BW as shown in Equa-
tion (9) [40].

HI =% HQ ?)
CDI
HQ=—— 8)
RfD
CDI = MCXEFXEDXIR )
AT XBW

where HQ is the hazard quotient, CDI is the chronic daily intake, RfD is the reference dose,
MC is the metal concentration, EF is the exposure frequency, ED is the exposure duration,
IR is the ingestion rate, AT is the average time, and BW is the body weight.

The following values were utilized in the calculation: EF = 365 days [41], ED = 70
years [42], IR = 2 L/day [43], AT = 25,550 days [44], and BW = 70 kg [45]. The RfD values
for each MMs (in mg/kg/day) were: As =3 x 10#[46], Ba =2 x 10! [47], Cu=0.04 [5], Cr =
0.003 [48], Fe =7 x 1071[49], Pb =3.5 x 10 [48], Mn = 1.4 x 101 [49], Ni=0.02 [5], and Zn =
0.3 [5].

The excess lifetime carcinogenic risk (ELCR) approach was utilized to calculate the
risk assessment of the carcinogenicity of MMs, which utilized the product of the SF and
the CDI [43]. The SF values employed were As = 1.5 [46], Cr = 0.5 [48], Pb = 8.5 x 10-3[5],
and Ni= 8.4 x 10! [5]. The ELCR was calculated using Equation (10) [43].

ELCR =CDIXSF (10)

2.4. Spatial Mapping using Machine Learning Geostatistical Interpolation (MLGI) Approach

Utilizing the MMs concentrations detected from the water samples and their corre-
sponding PI and MP], spatial maps were generated by employing the MLGI method that
utilized the NN-PSO algorithm and integrating it to an EBK interpolation technique. The
MLGI method is the integration of a hybrid artificial neural network (ANN)-particle
swarm optimization (PSO) model to the empirical Bayesian kriging method to map the
MMs’ concentration and pollution indices. The connection weights of the neural network
models for the concentrations and pollution indices were optimized using the PSO ap-
proach, utilizing MATLAB2021a. The Levenberg-Marquardt algorithm was utilized in the
algorithm training for ANN-PSO models, since it is the fastest method for moderately
sized networks [38], such as used in this study. The transfer function employed was the
hyperbolic tangent sigmoid function [50]. The number of iterations for the model devel-
opment was 2000 iterations [51]. Figure 3 presents the chart of the process for the MLGI
approach employed in this study.
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Figure 3. The MLGI approach employed in the study.

The spatial maps produced provided a cleared view of the state of MMs pollution in
the research area, together with the associated risk it posed to the area [30].

2.5. Contamination Area Calculation

Using the generated spatial concentration maps by the MLGI approach, the contam-
ination area for each MM and associated risk indices were calculated. Using the reclassi-
fication and raster to polygon conversion tool in GIS, the contamination area was calcu-
lated in reference to the reference guidelines and index reference values.

2.6. Statistical Analysis

Descriptive statistics were accomplished employing the Microsoft Excel Data Analy-
sis Tool, MATLAB R2021a, and R Studio software. The evaluation for the normality of
data were evaluated employing the Shapiro-Wilk test for GW (less than 50 samples) and
the Kolmogorov-Smirnov test for DW samples (greater than 50 samples) [49]. Moreover,
the variability of the GW and DW samples was analyzed using the coefficient of variabil-
ity (CV), wherein CV less than or equal to 15% is low; CV greater than 15% but less than
or equal to 35% is intermediate; and CV greater than 35% is high [26]. Furthermore, the
mean concentration was compared to the PNSDW 2017 standard values.

The MMs concentrations correlations of water samples were analyzed using a multi-
variate Pearson correlation matrix. In order to demonstrate the correlation concerning the
investigated parameters, particularly with regard to their sources, Pearson’s correlation
analysis was performed on the data using MATLAB R2021a and R Studio software [52].
Parameters with a correlation coefficient of 0.90 <R <1.00 indicate a very strong correla-
tion; 0.70 < R £ 0.89 suggests a strong correlation; 0.40 < R < 0.69 denotes a moderate cor-
relation; 0.10 < R < 0.39 signifies a weak correlation; and 0.00 < R < 0.09 indicates a negli-
gible correlation [53]. Additionally, pairings with strong and moderate coefficients sug-
gest considerable risk factors, whereas those with weak coefficients suggest low risk fac-
tors [54].

3. Results and Discussion
3.1. Metal Concentration

The basic statistical parameters of the MMs in DW samples from various locations in
San Jose, Occidental Mindoro are presented in Table 2. The trend of MMs’ mean concen-
tration detected in DW was Pb > As > Fe > Cr > Cu > Ni > Ba > Mn. The Kolmogorov-
Smirnov test showed that the MMs concentration in DW in the research area was not uni-
formly distributed, since all the metals have p < 0.05 [55]. Moreover, the CV values for all
the detected MMs exhibited values higher than 35%. This suggests that the acquired da-
tasets for the DW samples have high variability.
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Table 2. Metals and metalloid concentrations (in mg/L) in DW.
As Ba Cu Cr Fe Pb Mn Ni

N 71.000  71.000 71.000 71.000 71.000 71.000 71.000  71.000
Max 6.680 0.050 0.800 0.890 1.820 15.160 0.020 0.720
Min 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mean 0.792 0.024 0.093 0.110 0.138 1.152 0.003 0.045
SD 1.762 0.016 0.157 0.225 0.279 3.302 0.004 0.152
Skewness 2.228 -0.629 2.493 2172 3.895 3.538 1.592 3.314
Kurtosis 3.716 -1.107 7.019 3.878 19.340 12.349 2.552 9.867
CV% 222.640 66.560 168.250 205.150 202.610 286.580 137.570 339.760
PNSDW 0.010 0.700 1.000 0.050 1.000 0.010 0.400 0.070

The mean concentrations of the MMs were compared to the PNSDW 2017 as shown
in Figure 4. The DW dataset obtained revealed that As, Cr, and Pb were above the thresh-
old standards set by the PNSDW 2017 by 79.2, 2.2, and 115.2 times, respectively. About
33.8% of the sampling site was above the PNSDW 2017 threshold limit for As, while that
for Cr, Fe, Pb, and Ni were 26.8%, 2.8%, 31%, and 8.5%, respectively. Additionally, all
sampling sites for Ba, Cu, and Mn were under the PNSDW 2017 standard limits.

Heavy Metal Concentration for Domestic Water Samples
1.400
g 1.200
[
£ 1.000
o
© 0.800
£ 0.600
c
8 0.400
c
8 0.200
0.000 — - = = —
As Ba Cu Cr Fe Pb Mn Ni
Heavy Metal

= Mean Concentration PNSDW 2017
Figure 4. Comparison of MMs’ concentrations in DW with PNSDW 2017 standard values.

The highest Fe concentration in DW was 1.8 times greater than the standard value
and was detected in a deep well water source in Brgy. Iling Proper. Elevated Fe concen-
tration may lead to Fe poisoning. Localized iron poisoning is characterized by gastroin-
testinal bleeding, nausea, vomiting, and abdominal discomfort. Injuries to the liver and
cardiovascular system lead to systemic toxicity [56]. For the detected Ni concentration in
DW samples, the highest detected concentrations were recorded in Barangay II Poblacion.
The water samples were collected from a water refilling station (WFS) with a concentra-
tions 10.3 times greater than the standard limit set by PNSDW. Exposure to elevated Ni
concentration can have neurological side effects such as giddiness, fatigue, and headaches.
The effects of drinking nickel-tainted water on the gastrointestinal system includes nau-
sea, cramping in the abdomen, diarrhea, and vomiting. Additionally, impacts on the mus-
culoskeletal system, including muscular discomfort, have been linked to drinking nickel-
contaminated water [57].

Moreover, the highest concentrations of Pb was detected in Brgy. Camburay, col-
lected from a WRS with concentrations of 1516 times greater than the PNSDW limit. The
Pb exposure has many hazardous consequences, but might be reversed if discovered
promptly. However, chronic high-level Pb exposure has the potential to permanently
harm the kidneys, central nervous system, and peripheral nervous system [58]. Acute lead
poisoning can cause a number of different signs and symptoms, such as abdominal dis-
comfort, constipation, joint pain, muscular aches, headaches, anorexia, reduced libido,
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difficulties focusing and short-term memory deficiencies, irritability, excessive tiredness,
sleep disturbances, and anemia [59,60].

Highest Cu concentrations were detected in 3 different locations. These are Brgy. II-
ing Proper, Brgy. Ipil, and Brgy. Murtha. The highest concentrations of Mn and Zn were
recorded in Brgy. Central and Brgy. San Agustin, respectively. However, the concentra-
tion levels of Cu, Mn, and Zn detected were inside the PNSDW 2017 limit. The highest Ba
levels in GW were observed in Brgy. Batasan, and the detected concentration was 2.15
times greater than the PNSDW 2017 limit.

Table 3 exhibits the descriptive statistics of the GW samples in the research area. The
trend of mean concentrations for the GW samples was Fe > Zn > Ba > Mn > Cu. The
Shapiro-Wilk test revealed that the data array for the GW samples were not normally dis-
tributed with p < 0.05 [61]. Additionally, all the CV values were greater than 35%, which
indicates that the data variability is high.

The mean concentrations for GW samples were compared to the PNSDW 2017, as
shown in Figure 5. All mean concentrations of the GW samples were below the threshold
values set by the PNSDW 2017. Among the MMs detected in the GW samples, only the Fe
concentration was recorded above the PNSDW 2017 standard values in various sampling
locations.

Table 3. Metal and metalloid concentrations (in mg/L) in GW.

Ba Cu Fe Mn Zn
N 33 33 33 33 33
Max 0.020 0.010 5.700 0.020 0.050
Min 0.000 0.000 0.000 0.000 0.000
Mean 0.0051 0.0007 0.3716 0.0047 0.0056
SD 0.006 0.002 1.213 0.005 0.012
Skewness 1.209 2.868 3.897 0.995 2.207
Kurtosis 1.149 6.654 14.832 0.455 4,511
CV% 114.31 310.56 326.63 102.27 220.23
PNSDW 0.700 1.000 1.000 0.400 5.000

Heavy Metal Concentration for Groundwater Samples
6.000

g 5.000

()]
E 4.000

Concentration
N w
o o
= o
o [ =]

N
o
o
o

0.000 ==
Ba Cu Fe Mn Zn
Heavy Metal

#Mean Concentration PNSDW 2017

Figure 5. Comparison of MM concentrations and PNSDW 2017 threshold values for groundwater
samples.

The extent of the relationship between the MMs in water samples was determined
using the Pearson correlation. The correlation plots for the (a) DW and (b) GW samples
are presented in Figure 6. Findings demonstrated that a positive correlation was shown
between Cr and Cu in DW samples. Similar findings were observed in water quality stud-
ies in Saudi Arabia [62], India [63], Sri Lanka [64], Egypt [65], Burkina Faso [66], Greece
[67], Iran [68], and Turkey [69]. Likewise, a positive correlation between Fe and Zn was



Sustainability 2023, 15, 3667

10 of 37

observed and comparable to the result of the studies by Atangana and Oberholster [70],
Esmaeili et al. [71], Duggal et al. [72], Varghese and Jaya [73], and Karthikeyan et al. [74].
The correlation analysis that was conducted revealed a positive association between Cr
and Cu and Fe and Zn. This is attributed to a potential common origin of these MMs and
could be the controlling factor of the MMs’ concentration in the water resources [75]. The
findings of the study are an evidence of the potential contamination of water resources
and/or water supplies lines and present a direction of necessary treatment strategy. These
findings should be utilized to create and develop remediation programs to mitigate the
effects of these MMs in the community.

As Ba Cu Cr Fe Pb Mn Ni Ba Cu Fe Mn Zn

- @

Ba

Cu

Cr

Fe

Pb

’ 0.2 4
l 0.0 Fe . 0.0

0.8 Ba . 0.8
06 06
0.4 Cu . 04

0.2

=02 ~0.2

. I_O's Zn ‘ -0.8
-1.0 -1.0
(a) (b)

Figure 6. Correlation plots for metals and metalloid in (a) DW; and (b) GW samples.

3.2. Pollution Evaluation Indices

Using the MMs’ concentrations detected in the water samples, the MPI, NPI, and ERI
were calculated. The mean MPI value calculated in DW samples was 90 times greater than
the upper limit of the “low” pollution MPI category, while the sampling point observed
with the highest MPI value was 701 times larger. Considering the GW, the mean MPI
value was below the upper boundary of the “low” pollution category. The mean NPI val-
ues for DW revealed that the average calculated NPI values were 135 times greater than
the upper threshold for the unpolluted location criterion. Moreover, the highest NPI cal-
culated was 1080 times the unpolluted threshold limit. On the other hand, the GW mean
NPI values were within the unpolluted category. The mean ERI value calculated for DW
was 3.5 times the upper limit of the “low” ERI category, while that of the highest ERI
observed was 23.8 times larger. For the GW samples, the mean ERI value calculated was
within the “low” ERI category.

3.3. Probabilistic HRA

The mean HQ with regards to the MMs was calculated from DW samples. It was
found out that the HQ for As, Cr, and Pb have mean HQ values greater than 1. This sug-
gests that potential non-carcinogenic consequences may arise [76]. The mean HI for the
DW samples was 86 times larger than the limit, which indicates that there is a greater
possibility of harmful consequences [77]. The trend of the mean HQ values in DW samples
was As > Pb > Cr > Cu > Ni > Fe > Ba > Mn, wherein As can be attributed to 88% of the
mean HQ value.

The mean HQ values in GW samples for Ba, Cu, Fe, Mn, and Zn were below 1. More-
over, the mean HI value was also less than 1. This means that there was non-carcinogenic
risk for Ba, Cu, Fe, Mn, and Zn in GW. The highest mean HQ observed was for Fe, but the
calculated value was still below 1. The trend of the mean HQ values in GW samples was
Fe > Mn > Ba > Zn > Cu. The concentration of Fe contributes to the 85% of the mean HQ
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value. The contribution of each MM to the HQ is shown in Figure 7a,b. It was observed

that HQ for As was the significant contributor to the total HI value.
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Figure 7. Mean HQ values for each MM in (a) DW; and (b) GW samples.

The ELCR was only calculated for DW samples, since the metal concentrations of As,
Cr, Pb, and Ni were not detected in GW samples. The trend of the CR values observed in
DW was As > Cr > Ni > Pb. The As concentration contributed to the 92.06% of the ELCR

value.

The summary of the number of sampling locations exceeding the HQ threshold limit
is presented in Figure 8. About 33.8% of DW sampling sites had the HQ value of As above
the threshold, while that of Cr, Pb, and Ni were 23.9%, 28.2%, and 1.4%, respectively. No
sampling point recorded an HQ value above the threshold value for GW sampling sites.
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Figure 8. Number of DW sampling sites above the HQ threshold limit.

Considering the ELCR values, the summary of the number of sampling sites catego-
rized to have medium to very high cancer risk is shown in Figure 9. About 35.2% of the
sampling sites for DW had CR categorized as “medium to very high cancer risk”. Addi-
tionally, Cr, Pb, and Ni were 26.8%, 29.6%, and 8.5%, respectively, and categorized as
‘medium to very high cancer risk”.

Number of Domestic Water Sampling Sites having
Medium to Very High Cancer Risk Category

Number of Sampling Sties
o

(&)

0 .

CRAs CRCr CRPb CRNi

Figure 9. Number of DW sampling sites categorized to have medium to very high cancer risk.

3.4. Spatial Mapping using MLGI Approach

Spatial maps were produced using the MLGI technique, which combines NN-PSO
using the MM concentrations observed in the water samples and their link with PI and
HR indices. Table 4 summarizes the results of the simulation for the MLGI mapping of
the MMs in DW samples using the hybrid NN-PSO+EBK approach. Figure Al in Appen-
dix C presents the produced spatial maps for the MMs in DW samples.

The results of the simulation for the hybrid NN-PSO+EBK method to the MLGI map-
ping of the pollution indices in the DW samples are displayed in Table 5. Figure A3 in
Appendix C displays the spatial maps for the pollution indices in the DW samples.

The highest concentrations for Ba in DW samples were detected in Brgy. San Agustin
and Brgy. Mangarin, while the highest concentrations for Cu and Mn were detected in
Brgy. Monteclaro and Brgy. San Roque. However, the highest Ba, Cu, and Mn concentra-
tions detected were within the limit of PNSDW 2017.
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Table 4. NN-PSO simulation results for metals and metalloid in DW samples.

HN NP NI ET (s) Validation Testing
As 25 9 2000 124.18818 0.98617  0.99656
Ba 29 6 2000 124.47877 0.95023  0.98621
Cr 29 3 2000 160.77287 0.96793  0.98507
Cu 30 7 2000 121.85391 0.98758  0.94860
Fe 22 7 2000 128.33642 0.95715  0.97733
Mn 25 2 2000 125.32753 0.94777  0.93157
Ni 28 7 2000 153.38283 0.99861  0.99971
Pb 29 9 2000 122.88486 0.99728  0.98994

The pollution hotspot for As in DW was observed in Brgy. Bubog, and the water
samples were collected from WRS with an As concentration 668 times greater than the
PNSDW 2017 standard value. Exposure to As has been associated with several health con-
sequences such as skin and neurological diseases, cancers, and non-communicable dis-
eases, including hypertension and diabetes mellitus [78]. The highest concentration of Cr
was detected in a spring from Brgy. Labangan Iling with a concentration 17.9 times greater
than the PNSDW 2017. Exposure to elevated concentrations of Cr may decrease the gly-
cemic tolerance factor and raise the risk of cardiovascular disease [79]. Oral intake of Cr
usually causes various symptoms such as stomach ulcers, nausea, vomiting, fever, vertigo,
diarrhea, liver damage, and even death at doses from 1 to 3 g [80,81].

Table 5. NN-PSO simulation results for pollution indices in DW samples.

Index HN NP NI ET (s) Validation Testing
HPI 27 8 2000 128.95811 0.98384  0.99973
NPI 29 5 2000 130.91300 0.99203  0.99400
ERI 30 1 2000 140.66034 0.98862  0.98091

Table 6 shows the outcomes of the simulation for the MLGI mapping of the MMs in
the GW samples utilizing the hybrid NN-PSO+EBK approach. The spatial maps for the
MM in the GW samples are presented as Figure A2 in Appendix C.

Table 6. NN-PSO simulation results for metals and metalloid in GW samples.

HN NP NI ET (s) Validation Testing
Ba 25 6 2000 125.76638 0.92786  0.97901
Cu 27 7 2000 132.61975 0.99957  0.99987
Fe 30 2 2000 141.61058 0.99868  0.99706
Mn 29 3 2000 143.39959 0.99152  0.99922
Zn 26 1 2000 150.94246 0.99997  0.99994

Ingestion is one the mechanisms that allow Ba to enter the human body [82]. Acute
toxicity of Ba consists of gastrointestinal, metabolic, cardiovascular, musculoskeletal, and
neurological effects. Gastrointestinal effects include gastric pain, nausea, vomiting, and
diarrhea [83]; metabolic effects include hypokalemia, ventricular tachycardia, and hyper-
tension or hypotension [84]; cardiovascular effects include changes in the heart rhythm
and increased or decreased blood pressure [85]; skeletomuscular effects include numb-
ness, muscle weakness, and paralysis [86]; and neurological effects including tremors, sei-
zures, and mydriasis. Another, the hotspot area for Fe was detected in a deep well in Brgy.
Bubog, which is 5.7 times greater than the PNSDW threshold. It should be noted that Fe
poisoning is frequently fatal due to shock or liver failure [87].



Sustainability 2023, 15, 3667

14 of 37

Considering the measure of the cumulative impact of MMs on DW resources, with
respect to the human consumption and metal pollution, the MPI hotspot was observed in
Brgy. Camburay. The DW quality at various sampling locations, with the emphasis on the
importance of different MMs in the water resources, was measured using the NPI. The
highest NPI was likewise observed in Brgy. Camburay. Moreover, the highest ERI values
were observed in a residential DW source in Brgy. Bubog.

Table 7 displays the outcomes of the simulation for the hybrid NN-PSO+EBK ap-
proach to the MLGI mapping of the pollution indices in the samples of GW. The spatial
maps for the pollution indices in the GW samples are displayed in Figure A4 in Appendix
C.

Table 7. NN-PSO simulation results for PI in GW samples.

Index HN NP NI ET (s) Validation Testing
HPI 26 2 2000 149.06667 0.99962  0.99984
NPI 29 3 2000 141.51668 0.99869  0.99781
ERI 28 4 2000 142.93539 0.98216  0.99958

The HPI, NPI, and ERI hotspots were found in a deep well at Brgy. Bubog. The sim-
ulation results for the MLGI mapping of the HQ/HI values in the DW samples are demon-
strated in Table 8. Figure A5 in Appendix C displays the spatial maps for the pollution
indices in the GW samples.

Table 8. NN-PSO simulation results for hazard quotient/hazard index in DW samples.

Index HN NP NI ET (s) Validation Testing
HQ (As) 29 5 2000 131.72678 0.98983  0.99024
HQ (Ba) 27 2 2000 119.00130 0.96164  0.93469
HQ (Cr) 29 5 2000 114.47954 0.98674  0.98510
HQ (Cu) 28 7 2000 116.09329 0.99268  0.99534
HQ (Fe) 26 7 2000 114.40573 0.99709  0.99748
HQ (Mn) 29 9 2000 115.17782 0.98861  0.99820
HQ (Ni) 26 7 2000 121.11026 0.97369  0.94806
HQ (Pb) 27 8 2000 126.85262 0.98794  0.96551
HI 28 2 2000 118.55610 0.98692  0.98708

The calculated HQ for Ba, Cu, Fe, and Mn was observed to be less than 1 for DW
samples. The highest HQ for As was observed in Brgy. Bubog, which is 637 times greater
than the recommended HQ of less than 1. The HQ of Cr was observed in Brgy. Labangan
Iling from a spring. It was observed to be 8.5 times higher than the recommended HQ
value. The HQ for Ni was 1.03 times higher than suggested HQ value and was detected in
Barangay II Poblacion, and was collected in a WRS. The HQ for Pb was 120.3 times higher
than the recommended HQ value and was observed in Brgy. Camburay, also collected
from WRS. Moreover, the HI for DW was calculated to be 647 times above the standard
value. This was observed in Brgy. Bubog, collected from WRS.

Table 9 displays the simulation results for the MLGI mapping of the GW samples’
HQ/HI values. The spatial maps for the pollution indices in the GW samples are presented
as Figure A6 in Appendix C.

The HQ observed in GW samples for Ba, Cu, Fe, Mn, and Zn were all lower than the
recommended HQ value of 1. Consequently, the overall HI in all sampling locations was
below 1, which suggests that there is non-carcinogenic risk of exposure to Ba, Cu, Fe, Mn,
and Zn in GW.

The MLGI mapping of the simulation results for the carcinogenic risk (CR) index val-
ues of DW samples is shown in Table 10. Figure A7 Appendix C shows the spatial maps
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for the CR values by As, Cr, Pb, Ni, and the total carcinogenic risk evaluation in the GW
samples.

Table 9. NN-PSO simulation results for HW/HI in GW samples.

Index HN NP NI ET (s) Validation Testing
HQ (Ba) 26 7 2000 137.11112 0.99029  0.97838
HQ (Cu) 27 10 2000 136.08892 0.99998  0.99997
HQ (Fe) 28 10 2000 123.77389 0.99662  0.99922
HQ (Mn) 27 3 2000 134.97920 0.99599  0.99213
HQ (Zn) 29 5 2000 132.29242 0.99781  0.99719
HI 26 9 2000 135.89116 0.99918  0.99589

Table 10. NN-PSO simulation results for CR index in DW samples.

Index HN NP NI ET (s) Validation Testing
CR (As) 27 5 2000 139.80123 0.98699  0.99963
CR (Cr) 23 1 2000 139.84580 0.99420  0.99058
CR (Pb) 30 6 2000 131.91650 0.99112  0.99518
CR (Ni) 28 9 2000 179.67048 0.97320  0.97238
TCR 26 4 2000 138.49763 0.99742  0.99289

The hotspot for the CR with respect to As and Ni concentrations was observed in
Barangay Poblacién II. The highest CR for Cr concentration was observed in Brgy.
Labangan Iling. The CR for Pb was recorded at Brgy. Camburay. All these highest CRs
observed were considered to have a very high CR. The mean CR index levels for As, Cr,
and Ni in the study area were classified to have a very high CR, while that for the CR of
Pb was considered to have a high carcinogenic risk.

3.5. Contamination Area Calculation

Pollution indexes such as MPI, NPI, and ERI were calculated to establish the effect of
the group of MMs in the DW and GW resources of San Jose, Occidental Mindoro. Consid-
ering the DW in the research area, the hotspots for MPI and NPI were observed in Brgy.
Camburay, which inhabited by about 1900 people. On the other hand, Brgy. Bubog was
observed to be the ERI hotspot, considering the DW and GW in the research area. It is also
the hotspot for MPI and NPI with reference to the groundwater resources in the research
area. Brgy. Bubog has a population of about 10,800 people, comprising about 7% of the
total population of the municipality of San Jose.

Using the generated spatial maps of MMs and their associated risk index values, the
contamination area was calculated using the reclassification and raster to polygon tools
of ArcGIS 10.8.1. The contamination area percentages, considering the MMs in DW and
GW samples, were shown in Figure 10. It was observed that 100% of DW samples in the
entire study area were below the PNSDW 2017 limit for Ba, Cu, and Mn. The % area af-
fected by Cr, Fe, and Ni was 19.9%, 4.2%, and 16.0%, respectively. Moreover, 51.1% and
72.7% of the DW samples in the study area were contaminated with As and Pb, respec-
tively. Considering the MMs’ contamination % area in GW, 100% of the total area was
below the PNSDW 2017 limit for Ba, Cu, and Mn. However, Fe and Zn affected only 4.1%
of the total study area.
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Figure 10. Contamination area (%) of MMs calculated for (a) domestic water; and (b) groundwa-
ter.
The contamination area percentages, considering the pollution risk indices, including
MPI, NPI, and ERI in DW and GW samples, are shown in Figure 11a—c. Considering the
MPI in DW, 38.7% of the study area was classified to have a high MPI, while the GW is
recorded as 0.6%. This “high” MPI classification suggests that DW quality in San Jose,
Occidental Mindoro is unsuitable as DW. About 96.0% and 3.4% of the DW and GW, re-
spectively, recorded an NPI of “moderately to heavily polluted”. Moreover, 100% of the
GW samples were classified to have “low to moderate” ERI, while 30.0% of the area of
DW was classified to have “considerable to very high” ERI.
Contamination Area (%) considering the Contamination Area (%) considering the
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San Jose, Occidental Mindoro San Jose, Occidental Mindoro
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Figure 11. Contamination area (%) calculated for (a) HPI; (b) NPI; and (c) ERI in domestic water and
groundwater.
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The contamination area percentage, considering the HW in DW and GW, is shown
in Figure 12a,b. It was observed that 100% of DW in the study area has an HQ value less
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than 1 for Ba, Cu, Fe, and Mn. More than 60% of the study area has an HQ value greater
than 1 with respect to Cr and Pb. Moreover, there was no area with HQ greater than 1 in
the GW samples as shown in Figure 12b with no color gray.
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Figure 12. Contamination area (%) of HQ/HI in MMs calculated for (a) domestic water; and (b)
groundwater.

Figure 13 presents the area percentage of the GW and DW that was contaminated
when the total carcinogenic risk (TCR) was taken into account. The calculation showed
that 93.3% of the area was classified as “high to very high” TCR. This implies that there is
potential carcinogenic risk in the population due to oral exposure of carcinogens from DW

supply.

Contamination Area (%) considering the
Total Carcinogenic Risk in Domestic Water

Very Low to Medium .

0 20 40 60 80 100
% Area

Figure 13. Contamination area (%) of TCR in domestic water.

The trend of MMs were noted as Pb > As > Fe > Cr > Cu > Ni > Ba > Mn, while the
trend for GW was Fe > Zn >Ba > Mn > Cu.

Results of the correlation analysis showed that Cr and Cu in DW samples had a pos-
itive correlation. This was attributed to the eroding of igneous rocks in the region [88,89].
Moreover, Fe and Zn were positively correlated, which implies that the MMs appear to
have a geogenic origin [90].

The carcinogenicity of MMs concentration was caused primarily by ingestion [88]
and the dose. The HQ levels greater than 1 indicate high potential health risks [87]. The
HQ for As contributed to 87.9% of the hazard index in DW, while Pb and Cr contributed
to 10.7% and 1.2%, respectively. The rest of the HQs for Ba, Cu, Fe, Mn, and Ni were less
than 1%. The HQ for GW resources in reference to Ba, Cu, Fe, Mn, and Zn were all less
than 1. The carcinogenic risk was calculated for domestic water and was observed to have
a trend of As>Cr>Ni> Pb. This implies that the CR for As was significantly more elevated
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than Cr, Ni, and Pb, and was the main carcinogenic MMs area. Considering the calculated
TCR in the study area, 40 of 71 sites were classified to have a “high” and “very high”
cancer risk category.

Based on these results, several sites, including Brgy. Poblacion II, Brgy. Labangan
Iling, and Brgy. Camburay, were considered pollution hotspots and have become the pri-
ority sites for remediation. Also, it is necessary to conduct regular DW quality monitoring
with respect to MMs in the area. Updating of relevant local and national laws, policies,
and guidelines becomes necessary. The knowledge of the community of the hazards
posed by the MMs through water resources shall be continuously enhanced to reduce the
risks and adverse health effects. Therefore, installing and using appropriate water treat-
ment will be beneficial to lessen the HR caused by the MMs content in DW [91]. A thor-
ough assessment of the environmental quality and health cases of the population must be
carried out to create more effective health risks reduction strategies and remediation ap-
proaches in the area.

It is a requirement of the Philippine government that water utility companies meet
the minimum national water quality standards before distributing water to the commu-
nity; however, monitoring of such should be improved to ensure that the WQ parameters,
especially MMs, are within the PNSDW standards. Also, many areas in the country are
not receiving water from a utility company, especially those in the far-flung areas. The
people in the community typically get the water from deep wells, shallow wells, and
springs and is consumed directly without treatment. According to the WHO and UNICEF,
as of 2020, only 47% of the Philippines’ total population has access to safely managed
drinking water services [92].

The use of machine learning techniques and algorithms as predictive models for spa-
tial mapping has become necessary to areas, such as San Jose, Occidental Mindoro, that
are remote, and regular water quality assessment and evaluation is a challenge. The ap-
plication of the machine learning approach and algorithms generated a hybrid method for
mapping parameters in various studies, including the use of kernel logistic regression
[93], differential flow pollination [94], logistic regression, random forest [95], reduced er-
ror pruning trees [96], least squares support vector classification-bat algorithm [97], gra-
dient-boosted trees, and support vector machine [98]. These characteristics of the MLGI
become suitable to the mapping needs in this kind of condition. The current study has
proven that the use of a hybrid method, the MLGI approach, to map the pollution index
and health risks in the region is an efficient and reliable method for evaluating potential
sources and hotspots of pollution. The study’s findings could serve as the foundation for
thorough water management in the area to guarantee safe and viable water resources in
the municipality and regions of similar conditions. Research and further studies that
would lead to identifying the appropriate remediation technology, policies, and guide-
lines for regular water quality monitoring of MMs in DW, mitigation measures, and other
relevant interlinked laws are necessary. Prompt action from the municipal health and san-
itation offices is required.

4. Conclusions

A total of 104 DW and GW samples collected from the municipality of San Juan,
province of Occidental Mindoro, Philippines were analyzed for the presence of target
MMs such As, Ba, Cu, Cr, Fe, Pb, Mn, Ni, and Zn. Reliable and high-performance portable
Olympus Vanta XRF and Accusensing MAS devices were used to detect and analyze the
water samples for the target MMs. The detected concentrations of these MMs were com-
pared to PNSDW 2017 limits and used in the calculation of the MPI, ERI, NPI, and ELCR.
This is to determine the suitability of the water resources for domestic use and the risks
posed by the elevated concentration of these MMs. Further, this study employed the use
of GIS and the MLGI technique to further reinforce the calculated pollution indices to
identify the pollution hotspots. Based on the recorded results, the DW samples collected
had critical concentrations of MMs compared to the GW samples. The Pb concentration
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recorded the highest mean among other MMs in DW, while the Fe concentration was the
highest mean concentration recorded for GW. The mean NPI for DW was 135 times greater
than the upper limit of the unpolluted location category. The highest NPI recorded was
1080 times higher than the upper limit of the unpolluted site category. The calculated ERI
in the area was 23.8 times higher than the upper limit for ‘low” ERI category. The trend of
the mean MM concentrations in the DW was Pb (1.152 mg/L) > As (0.792 mg/L) > Fe (0.138
mg/L) > Cr (0.110 mg/L) > Cu (0.093 mg/L) > Ni (0.045 mg/L) > Ba (0.024 mg/L) > Mn (0.003
mg/L). Based on the calculated MPI, NPI, and ERI, it was observed that the pollution
hotspot was noted at Brgy. Camburay and Brgy Bubog. It was recorded that 33.8% and
28.2% of San Jose Municipality had DW containing elevated concentrations of As and Pb,
respectively. Also, it was observed that As was contributing significantly to the total car-
cinogenic health risks in the area. Using the MLGI approach, the contamination area pro-
jected by DW samples was calculated and showed that 96.0% of the study area was clas-
sified to be moderately to heavily polluted. About 35.2% of the sampling sites for DW
have carcinogenic risk category of medium to very high risk specific to elevated concen-
trations of Cr, Pb, and Ni. The carcinogenic risk hotspots for As, Cr, Pb, and Ni were Ba-
rangays Poblacion II for As and Ni; Barangay Labangan II for Cr; and Brgy Camburay for
Pb. The conduct of pollution, health risk evaluation, and the use GIS with MLGI mapping
to describe the pollution indices and ecological and health risks in specific areas are effec-
tive and reliable approaches in evaluating potential pollution sources and hotspots. The
extracted data are useful in creating strategic programs for health risk reduction, as well
as the mitigation and remediation of polluted areas. The result of this study is useful in
water resource management in the area and neighboring regions.
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Abbreviations

Abbreviation/Symbol  Description

AT Average Time

BW Body Weight

Ca Degree of Contamination
CDI Chronic Daily Intake

CI Contamination Index

Y Coefficient of Variability
EBK Empirical Bayesian Kriging
ED Exposure Duration

EF Exposure Frequency
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ELCR
ERI
GIS
GPS
HEI
HI
HM
HN
HQ
HRA
IR
LOD
MAS
MLGI
MMs
MPI
N
NCR
NI
NN-PSO
NP
NPI
PE

PI
PNSDW
RfD
SD
SF

Ti
WRS
WQ
XRF

Appendix A

Excessive Lifetime Cancer Risk
Ecological Risk Index
Geographic Information System
Global Positioning System
Heavy Metal Evaluation Index
Hazard Index

Heavy Metal

Hidden Neurons

Hazard Quotient

Health Risk Assessment
Ingestion Rate

Limits of Detection

Metals Analysis System
Machine Learning Geostatistical Interpolation
Metals and Metalloid

Metal Pollution Index

Number of Samples
Non-Carcinogenic Risk
Number of Iterations

Neural Network-Particle Swarm Optimization
Number of Particles
Nemerow’s Pollution Index
Polyethylene

Pollution Index

Philippine National Standards for Drinking Water
Reference Dose

Standard Deviation

Slope Factor

Toxic-Response Factor

Water Refilling Station

Water Quality

X-Ray Fluorescence

Table A1. Metals and metalloids pollution and HRA studies in various regions of the world.

Continent Country Parameters Index Results
Evaluated Calculated
8.69% (both pre- and post-monsoon)
of the sampling sites have very poor
Na, K, Ca, WQI category; All sites have very
Mg, Mg, As, high chronic risk during the pre-mon-
Bangladesh Fe, Mn, Cl, F, wal, &Q/HI' soon season, while that for post-mon-
I, COs, HCO:s, soon is 20 of 23 sites; More than 70%
NOs, PO4 of the sites have very high cancer risk
during the pre-monsoon and the post-
monsoon season [99].
ég’: él’/ 2?’/ Ba, HQ for As is the most significant ele-
Asia  Cambodia Cu, Fe, Ga, HQ/HI ment observed; Max1mu1?1 velue ob-
. served was HI = 3.57, which is greater
Mn, Ni, Pb,

Se, U, Zn than the threshold of 1.0 [100].
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NCR shows induced risk for 7.47%
and 12.07% of adults and children re-

China Cro* HQ/HI, CR  spectively, while that for CR shows
50.57% for adults and 16.67% for chil-
dren [101].
Al As, Cd, TVYO sites have' be.en identified as' not
. Co, Cr, Cu, Fe, HPI, HQ/HI, sultabl'e for drinking purposes with-
India . out prior treatment; As is the most
Mn, Mo, Ni, CR . g
Pb.V 7n significant element to the NCR and
T CR in the area [102].
All sites have HQ > 1 considering As;
Iran As, Cd, Cr HI/HQ, CR  Only one site has HQ <1 considering
Cr [103].
As, Cr, Cu, Fe, 28% of the sites exhibit HPI values
Iraq Mn, Mo, Ni, HPT, ?RQ /HI, within the category of Medium to
Pb, Zn Highly Polluted [104].
Cd, Co, Cr'_Ll' CI, HQ/HI, CR was within the acceptable risk
Jordan Mn, Mo, Ni, CR limits [105].
Pb,U,V, Zn
Cd, Co, Cu, 92.86% of the samples were consid-
Kazakhstan Fe, Mn, Ni, HPI, ?RQ /HI, ered to have a high level of pollution
Pb, Zn [106].
As, Cd, Cu, V.\/ate.r Consumpt.ion ona frequent ba-
Korea Pb. 7n HQ/HI, CR  sis might potentially be detrimental
’ due to long-term As exposure [107].
Children were observed to have a
greater health risk than adults. Specif-
Kyrgyzstan As, F HQ/HL CR  ically, the CR of As via the oral intake
pathway was above the permissible
limits [108].
As, B, Ba, Cr, Four sites observed HI > 1 and have
Lao PDR Cu, Mn, Nj, HQ/HL CR CR above the acceptable risk level of 1
Pb x 10 [109].
S04, Cl, Ca, . . .
Mg, Na, K, Al, Som? sampling sites vyere categorized
Malaysia Fe, Mn, Zn, wal as s.hghtly polh.lted with HM c.oncen—
trations exceeding the permissible
S, As, Cr, €4, limits [110].
Ni, Cu, Co, Pb
WQI observed in the sampling sites
Ba, Cd, Co, was within the excellent water cate-
Cr, Cu, Pb, Lj, ory; HQ values observed in the sam-
Nepal Mn, Mo, Ni, WQIL HQ/HI f)lir?lg sites were all less than 1, which
Sb, Sr, V, Zn suggested that it poses no adverse
health effects to the residents [111].
HQ considering As has a value ob-
served greater than 1, which suggests
. F, Cl, Pb, Cd, that it poses potential adverse health
Pakistan Ni, Zn, Fe, As HQ/HI CR effects in the residents; 3.3% of the
sites have CR values above the
USEPA threshold limit [112].
All sampling locations were catego-
Philippines ?;' E;I'l Clilli Fe, HPI, NPL,  rized to have a high level of pollution;
Zn/ T HQ/HI, CR  CR via ingestion pathway exceeded
the USEPA threshold limit [30].
Saudi Arabia Ag, Al, B, Ba, HPI, Cq, Potential NCR showed that HQ for
Cr, Cu, Fe, HQ/HI Al, Mo, Cu, Cr, and Pb exceeded the
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Mo, Ni, Pb, V, recommended value of 1, implying
Zn that it can cause a potential adverse
health effect [113].
Ca%, Mg?, Study showed that As is the most sig-
. Na, K, Fe, nificant element with respect to the
Thailand SO+, NOs', CI- HQ/HI, CR NCR and chronic effects, and was
, HCOs predominant with adults [114].
CI, SOs%, Ca?,
United Arab Na*, K*, Mg?, HQ/HI 30% of the sites were classified to
Emirates Ba%, As, Cd, have a very high risk [115].
Pb, Cr, Cu, Zn
Skin CR is 11.5 times greater in unfil-
Vietnam As CR tered water an.d 14.8 times hig.her.
when consuming water for a lifetime
that has been exposed to As [116].
- woa
Algeria Mn, Ni, Pb, HPI, HEI chronic HR was posed by the GW
Zn
[117].
WQI suggests that the GW is catego-
rized to be poor to unsuitable; HM
As, Cd, Co, WOL HPL concentrétions Presented a risk for
Cameroon Cr, Cu, Ni, Pb, HEL HQ/HI, non-carcinogenic health conse-
7n CR quences; Ingestion of groundwater
also posed a moderate to high risk of
developing cancer in both adults and
children [118].
Fe, Mn, Pb, Irl1ge.s’fion is observed to be the most
Egypt Cd, Ni, Cu, HQ/HI, CR significant pathway. of exposure; The
70 Cr. As prevalence of arsenic was stated to be
T accountable for the highest CR [119].
Mean HQ levels both for children and
.. adults were below 1; CR values for
Ethiopia Pb HQ/HI CR adults and children were within the
permissible levels of USEPA [120].
Africa Na*, K+, Ca?,
Mg, HCOs,
F, CI, NOs, HQ due to Mn and Fe was greater
Ghana PO+, SO4%, HQ/HL CR  than 1, implying that it can cause a
Pb?, Co, Cr, potential adverse health effect [121].
Fe, Mn, Zn,
Cu, Cd
All samples had hazard indices that
HPL HEL excee(.ied 1, which indicated a signifi-
Kenya Cd, Ni, Pb HO/HL cant risk due to the metal exposure;
CR CR values were greater than the
USEPA permissible limit for both
children and adults [122].
Morocco 1(::2’1\(/[::{, CNLL’ HQ/HI HQ was signif.icantly influenced by
Zn concentration [123].
Pb, Zn
Sr, Li, B, Al,
Ba, V, Mn, Fe, HQ values exceed the maximum per-
Mozambique Hg, Co, Ni, HQ/HI missible limit for children due to in-
Cu, Pb, Zn, gestion pathway [124].

As, Rb, U
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About 24% of the samples have dete-
riorated water quality; About 15% of
the samples posed moderate ecologi-

Cl, Fe, Zn, Pb, WgﬁfRI' cal risks; Cu is the most significant el-
Nigeria Cu, Nj, Cr, ! ement to the HI and more than 40% of
HPI, HQ/HI, . .
Mn, Cd CR the samples presented high chronic
HR; High Cr risk was observed in
19% of the samples, while that for Cd
and Ni is 14% [3].
Pb, Cd, Cu, High risk for infants and children
Senegal Fe, Mn HQ/HI wif,h respect to Pb and Cd [125].
Ag, Al B, Cd, Two zonefs.pre%sented high ConFamina—
Co. Cu. Fe. Li tion classification based on their HPI
South Africa © 077 HPLHQ/HI values; All age groups were exposed
Mn, Li, Mn, . k .
. . to potential health risks due to HQ via
Ni, Pb, Si, Zn . .
ingestion pathway [126].
COs%, HCOsg,
NOs, NOz, About 60% of the sampling sites pre-
Sudan SO+, NH;, F, HQ/HI sented potential health risks for both
Cl, Na*, K+, children and adults [127].
Mg?, Ca?
Ca?, Mg, K-, HQ value via ingestion pathway is
HCO> CF greater than 1 for both adults and
Argentina SO 1'\1 Oai HQ/HI, CR  children; CR due to Cr(VI) exceeded
Cr (I\’/) ’ the permissible limit set by the
USEPA [128].
Ca, Mg, Na,
K, CI, HCOs,
st Soem wa MO e i
NOs, F-, Fe, p good quality [129].
Mn
21'1\]/3[;' (I\:/[ar; Fe, 6.6% of the samples in a sampling re-
Ecuador e HPI gion have Pb levels above the thresh-
Na, Sr, Cu, Cr,
Pb, Zn old value [130].
Observed HI > 1 for both adults and
North and Mexico As, F HQ/HI c.hildren suggests. a potential health
South risk and was attributed to exposure to
America As and F [131].
Li, B, Al, Si, V,
Paraguay/ Uru- IS;(I(I:I())’ II:I/Iln, 34 sites were categorized as highly
guay/ Argen- Cl.;, As,, Rl;, St HPI, HQ/HI polluted sites; HQ value calculated in-
tina/Bolivia Cd, Cs, Ba, Pb, dicated no risk [132].
U
Au, Cd, Co,
Cr, Cu, Fe,
Mn, Mo, Nl', As is the most significant CR. HQ via
Pd, Pt, Sc, T, . .
Peru V, Zn, AL Pb, HQ/HI, CR 1ngest10rT for As, E, Zn, Cu, Ba, and Sr
Sn, As, B, Ge, were major contributors to the NCR
Si, Er, Nd, Yb, [133]-
P, Se, Ba, Ca,
K, Li, Mg, Sr
Furope Czech Republic Crtotal, Zn, Pb, HEL HPI All samples were below the threshold

Cd, Hg

value [134].
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HQ was acceptable for all sites con-
sidering adults; one site has HQ > 1
for children, suggesting potential ad-

Table A2. Coordinates of the Sampling Points for DW.

I - HQ/HI
Greece Cr(VD), NO=-N Q verse health effects; multiple sites
have CR greater than the permissible
limit by the USEPA [135].
Al, As, Ba, Cd,
Cr, Cuy, Fe, HPI values were within the critical
Italy . HPI .
Mn, Ni, Pb, pollution level category [136].
Se, Zn
Pb, Cd, Nj
7 7 4 H. h . f . . P
Poland Cu, Fe, Zn, NPL HQ/HI igh risk of contamination due to Pb
and Cu [137].
NHz4
NHy", HCOs, Wt(i)I I:/alur(;s iuigeisted x;vatriri cla:51f1-
Cl,NOs, NOr WQI HE, o onasmarginas, poot, ahd very
. poor quality; CI, Al, and NOs were
. ,S04%, Li, Na, HPI, L .
Romania the most significant parameters in the
Mg, AL K, Ca, Cq, .
exceedance of HQ to the permissible
Sr, Ba, Mn, Fe, HQ/HI . . .
Cu. Zn. Ca limit; Fe and Li were the dominant
U &ny contributors to HPI value [138].
Al, A
A, Cu, HQ due to As and Hg in multiple
. Zn, Fe, Cr, Cd, . . .
Serbia . HQ/HI sites suggested potential non-carcino-
Mn, Ni, Pb, .
genic health effects [139].
Hg
Al, As, Cr, Cd, HPL HEI 17% of the samples have HI > 1, sug-
Ukraine Cu, Mn, Nj, H é JHI ! gesting potential non-carcinogenic
Pb, Zn health effects [140]
HI > 1 for all sites both for children
and adults, posing potential health
Fiji CC.L Cr, Mn, HQ/HI risk; CR of Cd is higher compared to
. Ni, Pb, Zn . ) .
Oceania other metals in all sites, exceeding the
USEPA threshold limit [141].
Papua New 14% of the samples have poor quality
Guinea Ca, Mg, Mn wal [142].
Appendix B

Samp(l;:(;gePomt Barangay La(tl;l)de Lm:;gl];lde Elevation
SJ-B01-DW1 Bagong Sikat 12.367 121.069 4.0m
SJ-B04-DW2 Barangay II Pob. 12.353 121.066 7.0m
SJ-B05-DW3 Barangay III Pob. 12.355 121.061 7.0m
SJ-B05-DW3 Barangay III Pob. 12.358 121.068 1.0m
SJ-B05-DW3 Barangay III Pob. 12.356 121.066 8.0m
SJ-B06-DW4 Barangay IV Pob. 12.351 121.061 50m
SJ-B08-DW5 Barangay VI Pob. 12.353 121.066 7.0m
SJ-B11-DW6 Batasan 12.527 121.119 85.0m
SJ-B12-DW7 Bayotbot 12.405 121.098 19.0 m
SJ-B13-DW8 Bubog 12.366 121.038 8.0m
SJ-B13-DW8 Bubog 12.371 121.033 9.0m
SJ-B14-DW9 Buri 12.223 121.094 163.0 m
SJ-C01-DW10 Camburay 12.427 121.097 26.0 m
SJ-C01-DW10 Camburay 12.429 121.097 28.0 m
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SJ-C01-DW10
SJ-C04-DW11
SJ-C04-DW11
SJ-C04-DW11
SJ-101-DW12
SJ-103-DW13
SJ-L01-DW14
SJ-L01-DW14
SJ-L02-DW15
SJ-L03-DW16
SJ-L03-DW16
S]-M01-DW17
SJ]-M01-DW17
SJ-M02-DW18
SJ-M03-DW19
SJ-M03-DW19
SJ-M03-DW19
SJ-M06-DW21
SJ-M06-DW21
SJ-M06-DW21
SJ-M06-DW22
SJ-N02-DW23
SJ-P02-DW24
SJ-S01-DW25
SJ-502-DW26
SJ-503-DW27
SJ-A02-DW01
SJ-B01-DWO02
SJ-B02-DWO03
SJ-B04-DW04
SJ-B05-DWO05
SJ-B06-DW06
SJ-B06-DW07
SJ-B11-DWO08
SJ-B12-DW09
SJ-B13-DW10
SJ-C01-DW11
SJ-C04-DW12
SJ-C04-DW13
SJ-101-DW14
SJ-101-DW15
SJ-102-DW16
SJ-L01-DW17
SJ-L01-DW18
SJ-L02-DW19
SJ-L03-DW20
SJ-M01-DW21
SJ-M01-DW22
SJ-M02-DW23
SJ-M03-DW24
SJ-M03-DW25

Camburay
Central
Central
Central

Iling Proper
Ipil
La Curva
La Curva
Labangan Iling
Labangan Poblacion
Labangan Poblacion
Mabini
Mabini
Magbay

Mangarin

Mangarin

Mangarin
Murtha
Murtha
Murtha
Murtha

Natandol
Pawican
San Agustin

San Isidro

San Roque
Ansiray

Bagong Sikat
Bangkal
Barangay II
Barangay III
Barangay IV Pob.
Barangay VI Pob.
Batasan
Bayotbot
Bubog

Camburay
Central
Central

lling Proper
Iling Proper
Inasakan
La Curva
La Curva
Labangan Iling
Labangan Poblacion
Mabini
Mabini
Magbay
Mangarin
Mangarin

12.430
12.434
12.457
12.449
12.245
12.253
12.410
12.403
12.292
12.355
12.365
12.372
12.368
12.409
12.360
12.352
12.352
12.471
12.436
12.440
12.457
12.184
12.171
12.444
12.417
12.358
12.273
12.367
12.224
12.353
12.356
12.351
12.353
12.527
12.405
12.366
12.429
12.433
12.457
12.253
12.248
12.216
12.410
12.403
12.290
12.365
12.372
12.368
12.409
12.360
12.352

121.095
121.048
121.041
121.032
121.088
121.091
121.016
121.071
121.050
121.069
121.075
121.086
121.098
121.089
121.102
121.100
121.099
121.117
121.108
121.103
121.118
121.106
121.119
121.022
121.057
121.051
121.078
121.069
121.049
121.066
121.066
121.061
121.066
121.118
121.098
121.039
121.097
121.048
121.041
121.034
121.036
121.069
121.082
121.071
121.049
121.075
121.086
121.100
121.089
121.102
121.099

28.0 m
20.0 m
27.0m
18.0m
144.0 m
17.0m
6.0 m
13.0m
15.0m
8.0m
50m
7.0m
8.0m
20.0 m
7.0m
0.0m
7.0m
47.0m
25.0 m
28.0 m
36.0 m
55.0 m
99.0 m
16.0 m
13.0m
4.0m
13.0m
4.0m
50m
7.0m
8.0m
50m
7.0m
71.0m
19.0 m
9.0 m
28.0 m
16.0 m
27.0m
20.0 m
26.0 m
16.0 m
18.0 m
13.0 m
52.0 m
50m
7.0m
8.0m
20.0 m
7.0m
7.0m
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SJ-M05-DW26 Monteclaro 12.547 121.125 75.0 m
SJ-M06-DW27 Murtha 12.471 121.117 47.0m
SJ-M06-DW28 Murtha 12.440 121.103 28.0m
SJ-501-DW29 San Agustin 12.444 121.023 16.0 m
SJ-502-DW30 San Isidro 12.417 121.057 13.0 m
SJ-S03-DW31 San Roque 12.358 121.051 4.0m

Table A3. Coordinates of the Sampling Points for GW.

Samp(l;:dgePomt Barangay La(tl;;)de Lor:i;lEt)ude Elevation
SJ-B11-GW1 Batasan 12.527 121.119 85.0 m
SJ-B12-GW2 Bayotbot 12.405 121.098 19.0 m
SJ-B13-GW3 Bubog 12.365 121.038 8.0m
SJ-B13-GW4 Bubog 12.266 121.038 48.0 m
SJ-B13-GW5 Bubog 12.371 121.033 9.0 m
SJ-B14-GW6 Buri 12.223 121.094 163.0 m
SJ-C01-GW7 Camburay 12.492 121.095 144.0 m
SJ-C04-GW8 Central 12.434 121.048 20.0 m
SJ-C04-GW9 Central 12.457 121.041 27.0m
SJ-C04-GW10 Central 12.449 121.032 18.0m
SJ-101-GW11 lling Proper 12.245 121.088 144.0 m
SJ-103-GW12 Ipil 12.253 121.091 17.0m
SJ-L01-GW13 La Curva 12.410 121.082 18.0 m
SJ-L01-GW14 La Curva 12.412 121.085 20.0 m
SJ-L01-GW15 La Curva 12.403 121.071 13.0 m
SJ-L02-GW16 Labangan Iling 12.292 121.050 15.0m
SJ-L03-GW17 Labangan Poblacion 12.361 121.078 7.0m
SJ-M01-GW18 Mabini 12.372 121.086 7.0m
SJ-M01-GW19 Mabini 12.368 121.100 8.0m
SJ-M02-GW20 Magbay 12.409 121.089 20.0 m

SJ-M03-GW21 Mangarin 12.360 121.102 7.0m

SJ-M03-GW22 Mangarin 12.352 121.100 0.0m

SJ-M03-GW23 Mangarin 12.352 121.099 7.0m

SJ-M06-GW25 Murtha 12.471 121.117 47.0 m
SJ-M06-GW26 Murtha 12.436 121.108 25.0m
SJ-M06-GW27 Murtha 12.440 121.103 28.0m
SJ-M06-GW28 Murtha 12.445 121.105 31.0m
SJ-N02-GW29 Natandol 12.184 121.106 55.0 m
SJ-P02-GW30 Pawican 12.171 121.119 99.0 m
SJ-S01-GW31 San Agustin 12.444 121.022 16.0 m
SJ-S02-GW32 San Isidro 12.417 121.057 13.0 m
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Appendix C
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Figure A3. MLGI spatial maps of the (a) HPI; (b) NPI; (c) ERI in DW.
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Figure A5. MLGI spatial maps of the (a) HQ (As); (b) HQ (Ba); (c¢) HQ (Cr); (d) HQ (Cu); (e) HQ
(Fe); (f) HQ (Mn); (g) HQ (Ni); (h) HQ (Pb); (i) HI in domestic water.
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(Zn); (f) HI in groundwater.
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