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Featured Application: In-Situ and Hybrid Machine Learning—Geostatistical Interpolation
method for groundwater quality monitoring applications.

Abstract: This article discusses the assessment of groundwater quality using a hybrid technique
that would aid in the convenience of groundwater (GW) quality monitoring. Twenty eight (28) GW
samples representing 62 barangays in Calapan City, Oriental Mindoro, Philippines were analyzed
for their physicochemical characteristics and heavy metal (HM) concentrations. The 28 GW samples
were collected at suburban sites identified by the coordinates produced by Global Positioning
System Montana 680. The analysis of heavy metal concentrations was conducted onsite using
portable handheld X-Ray Fluorescence (pXRF) Spectrometry. Hybrid machine learning—geostatistical
interpolation (MLGI) method, specific to neural network particle swarm optimization with Empirical
Bayesian Kriging (NN-PSO+EBK), was employed for data integration, GW quality spatial assessment
and monitoring. Spatial map of metals concentration was produced using the NN-PSO-EBK. Another,
spot map was created for observed metals concentration and was compared to the spatial maps.
Results showed that the created maps recorded significant results based on its MSEs with values
such as 1.404 × 10−4, 5.42 × 10−5, 6.26 × 10−4, 3.7 × 10−6, 4.141 × 10−4 for Ba, Cu, Fe, Mn, Zn,
respectively. Also, cross-validation of the observed and predicted values resulted to R values range
within 0.934–0.994 which means almost accurate. Based on these results, it can be stated that the
technique is efficient for groundwater quality monitoring. Utilization of this technique could be
useful in regular and efficient GW quality monitoring.

Keywords: groundwater; heavy metals; physicochemical parameters; in-situ; machine learning;
geostatistical analysis

1. Introduction

Water quality is associated with ecosystem preservation, economic growth and social
development [1]. Groundwater (GW) quality is critical to the Philippines’ overall water
resource; hence, monitoring should be given attention. Population expansion and the
acceleration of modernization as well as industrialization have resulted in an increased
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water demand [2]. It is inevitable that quality of both surface water and GW is compro-
mised in areas where economy is in transition and where there is increasing urbanization,
industrialization, and agricultural activities [3]. However, due to scarcity of elemental
laboratory instruments in the Philippines, the preparation requirements of the laboratory
station-based instruments for samples, and the travel time from sampling sites to lab-
oratory stations become a challenge to GW quality monitoring especially to elemental
concentration analysis.

The population of the Philippines has rice in its regular daily meals. Rice fields and
techniques to produce high and good quality yields are among the agricultural areas and
programs, respectively, that are being supported by the Philippine government. Calapan
City, Oriental Mindoro province in the Philippines, with GW as primary water source, is
among the top producers of rice in the country. Rice fields require highly flattened area and
good water quality as among the criteria to increase yields with good rice quality. Having
the Philippines within the tropical storm belt, Calapan City experienced regular flooding
as shown in Figure 1. This condition become a challenge to the water quality for rice fields
and for domestic supply.

Figure 1. Flood Hazard Map of Calapan City [4].

The Philippines is rich in natural resources such as metals and non-metallic min-
erals [5] with tropical climate where annual rainfall is high. However, anthropogenic
activities, due to economic development, population positive growth rate and urbanization,
caused unintentional adverse effects to the environment. When the pristine environment
is disturbed, and minerals are exposed to oxygen and water, chemical reactions happen.
Similar condition takes place during weathering. Having rich in mineral resources, high
annual rainfall, large flattened agricultural areas, and GW as primary source of water
supply, GW quality monitoring is important. Water quality that has elevated concentration
of metals such as arsenic (As), copper (Cu), iron (Fe) nickel (Ni), manganese (Mn), lead (Pb),
and other metals known for its toxicity characteristics would have acute and/or chronic
adverse effects to human health [6–8].

Several technologies for measurement of the presence of metals in GW exists such
as Inductively Coupled Plasma—Mass Spectrometry (ICP—MS), Inductively Coupled
Plasma—Optical Emission Spectrometry (ICP—OES), and Atomic Absorption Spectrometry
(AAS). These approaches are laboratory-based and require several days before result
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of analysis is available. This condition become not suitable for field monitoring and
measurements [9] in sub-urban, rural areas, areas where access is a challenge and when
time is a primary criterion in the analysis. These conditions require in-situ measurements,
and accurate detection become a critical component in monitoring the GW quality. In-
situ measurements provide observations on a rapid phase as well as covering the wider
areas especially those with difficulty in access. This is in contrast of laboratory—based
methods with significant limitations such as expensive instrumentation making limited
availability, complex sample preparation and applicability in field conditions [10]. There
are on-site detection and monitoring techniques such as electrochemical analysis [10,11],
cyclic voltammetry (CV) [12], anodic stripping voltammetry (ASV) [13], square wave
anodic stripping voltammetry (SWASV) [14], electro-chemical impedance spectroscopy
(EIS) [15], electrochemiluminescence (ECL) [16] and the use of piezoelectric biosensors [17].
However, these techniques have drawbacks such as background noise control, unable to
fulfill the current requirements for selectivity [9], detection limits of CV [12], insolubility
of metals and the multiple peaks of ASV [13], complicated interferences and complex
matrices in SWASV [14], EIS’s inability to identify different ions [15], frequent fouling of
electrodes in the case of ECL [16], and only few enzymes are sensitive to heavy metals
for the case of biosensors [17]. Hence, the use of portable x-ray fluorescence spectrometry
(pXRF) technique in onsite metals detection and analysis is appropriate in rugged condition
yet provides user of accurate and rapid analysis. This is in contrast of laboratory-based
methods with significant limitations such as expensive instrumentation, complex sample
preparation and applicability in field conditions [18]. Therefore, non-destructive analytical
technique, such as relatively simple spectra line void of many interferences and rapid
multi-element analyses [19], contributes significantly to the successful implementation of
this study.

Concentration maps were frequently used tool for spatial monitoring. Spatial informa-
tion in water resources are limited, and GW quality data can be obtained only through spot
sampling. However, this procedure often requires extensive manpower and resources [10].
The issue in this practice and the determination of sample locations density influences the
accuracy of the generated spatial maps [19]. The integration of in–situ measurements and
GIS—based spatial interpolation techniques offer an improvement in the presentation and
display of the status of GW quality in an area. The use of this integrated approach provides
a clear and intelligent base—maps which can be utilized by researchers, policy makers,
implementors for planning proposals [20] and creation of strategic programs.

Several studies on GW monitoring and assessment implemented using GIS—based
approaches focused on different Southeast Asian countries such as the Philippines [1,21],
Thailand [22], Malaysia [23], Singapore [24], Indonesia [25], Cambodia [26], Laos [27], and
Vietnam [28]. This article illustrates the quantification and mapping of the concentrations
of heavy metals such as Ba, Cu, Fe, Mn, and Zn in GW and presents the utilization of
in-situ GW quality monitoring that uses a hybrid machine learning-geospatial interpolation
technique and pXRF. This type of technique and analyses give prompt, accurate data and
information on the current GW quality. This is to address the challenges encountered
on-ground during sampling activities, the scarcity of instruments in the Philippines due
to its price, and the complex samples preparation required by some laboratory-based
instruments. Analyzing heavy metal concentrations in a faster, accurate and convenient
method can help the researchers, authorities, water utility companies and local government
units in making prompt decision, guidelines and strategic programs.

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

The study area is Calapan City, in the province of Oriental Mindoro, Philippines.
This is a third-class city and one of only two cities in the MIMAROPA region of the
Philippines. It is the capital of the island province of Mindoro and located on the island’s
northeastern shore. It has a population of about 150,000 people (about 25,000 households)
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and 62 barangays (the smallest local government unit) [29]. The city lies within 13◦22′ N
Latitude and 121◦9′ E Longitude and Mindoro is located approximately 13◦11′ N Latitude
and 121◦53′ E Longitude south of Mainland Luzon. The island of Mindoro is popularly
known of rice production. Calapan City has an area of 217.30 square kilometers. Deep
and shallow wells, in addition to piped water supply, are currently the primary sources of
water in the city.

2.2. Collection/Treatment of Groundwater Samples

The GW samples were collected from twenty-eight (28) suburban deep and shallow
well sites following the USEPA SESDPROC-301-R3/SESDPROC-111-R4 [30] as shown in
Figure 2. The GW samples were collected using stainless steel sampler and polyethylene
(PE) bottles. The PE bottles were thoroughly pre-washed with Type 1 water. Each PE bottle
was carefully labeled, sealed, and placed temporarily in coolers for metals concentration
detection. This is in preparation for the detection of the presence of metals concentration in
all collected GW samples.

Figure 2. Map of the Study Area and Sampling Sites.

2.3. Physicochemical and Metal Concentrations Analysis

Temperature, pH, electric conductivity (EC), and total dissolved solids (TDS) of the
samples were determined onsite using a multi-parameter water analyzer (HANNA HI
9811-5) with HI1285-5 probe (electrode) and HI7007, HI70031, HI70032, buffer solutions for
calibration [31]. The HI7007, HI70031, HI70032 solution were used for pH, EC and TDS
calibration, respectively. While HI700661 solution was used for cleaning the electrode. The
physicochemical values detected in groundwater were compared to the permissible limits
specified in the 2017 Philippine National Standards for Drinking Water (PNSDW) [32] and
the WHO Drinking Water Guidelines [33,34]. These water parameters were used in the
hybrid machine learning technique.

The heavy metal concentration analysis employed the use of portable handheld Olym-
pus Vanta X-Ray Fluorescence Spectrometry. This pXRF is a rapid onsite accurate elemental
analyzer that could be used for various environmental media including water [35–39].
The pXRF was set on geochem mode and recorded metals concentration in ppm (mg/L)
detected from GW samples. Target metals were Ba, Cu, Fe, Mn and Zn.
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2.4. Spatial Concentration Mapping Using Machine Learning Informed Empirical Bayesian
Kriging (EBK) Method

Hybrid machine learning—geostatistical interpolation (MLGI) method was employed.
The EBK technique was used to produce spatial concentration maps of the GW’s physic-
ochemical properties and heavy metal concentrations. By sub-setting and replicating
observed data, the EBK automates the most time-consuming aspects of constructing a
viable kriging model. EBK provides a distribution of semi-variogram models and compen-
sates for semi-variogram estimate uncertainty. The EBK is more realistic and superior to
other current geostatistical modeling methods owing to its dependence on limited maxi-
mum likelihood estimation. This is in contrast to other existing kriging models that rely
on weighted least squares estimation. EBK has many significant benefits, including a low
need for interactive modeling, more accurate prediction of standard error and projection
for small datasets as compared to other traditional kriging techniques, and exact prediction
of substantially non-static data [40].

The Artificial Neural Network (ANN) approach is a subset of methods for artificial
intelligence inspired by biological neurons. It is capable of quickly acquiring patterns and
forecasting the result of a problem in a multi-dimensional environment. ANN models are
trained using datasets [41] to show the efficacy. The training algorithm and the transfer
function that was utilized in the model are two critical components of the ANN model. The
Levenberg—Marquardt (LM) algorithm was chosen as the training algorithm since it is
the quickest function for training a network, and the hyperbolic tangent sigmoid function
was used as the transfer function because it is the recommended transfer function for rapid
processes [42,43].

Particle Swarm Optimization (PSO) is a population-based stochastic optimization
technique inspired by biological communities’ collaborative nature. The PSO is initiated
using a community of randomly generated particles as solution options. It looks for global
optima via iterations in which particles with their own velocity fly around the search space
following the current optimum particles, which is the best approach for finding the best
solution. The PSO was integrated to the ANN to determine the weights and biases which
gives the minimum error [44].

This hybrid technique integrated to the EBK method generated the spatial concentra-
tion maps of the target study area. The Neural Network—Particle Swarm Optimization
(NN-PSO) approach was applied to generate the spatial concentration maps of physico-
chemical parameters and HM concentrations.

3. Results

Subsequent sections elaborate the results of the study and in comparison, of the WHO
and PNSDW guidelines.

3.1. Physicochemical Groundwater Parameters

The recorded physical and chemical properties of groundwater of the 28 sampling
points are shown in Table 1, and in comparison to WHO (2017) and PNSDW (2017) guide-
lines. The detailed description of the sampling locations of the study area with the physico-
chemical properties of GW were exhibited in Table A1 of Appendix A.
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Table 1. The groundwater physical and chemical properties.

Sampling No. Temperature (◦C) pH EC (µS/cm) TDS (ppm)

1 28.3 7.9 130 60
2 28.5 8.4 130 60
3 26.2 8.5 120 50
4 29.2 7.6 660 320
5 30.7 7.8 1200 590
6 27.1 8.8 130 50
7 27.2 7.9 200 90
8 32.4 7.1 900 440
9 31.6 7.5 350 160
10 32.5 7.5 970 480
11 31.4 7.4 1820 900
12 31.1 7.1 780 380
13 31.0 7.0 990 490
14 32.0 7.5 600 290
15 28.1 7.5 220 100
16 31.5 7.3 570 270
17 30.6 7.3 820 400
18 29.2 8.1 690 340
19 30.2 7.4 410 200
20 30.1 7.6 140 160
21 28.4 8.3 180 150
22 33.6 7.7 910 450
23 28.7 8.3 140 60
24 27.4 8.4 140 60
25 32.9 7.6 750 370
26 29.7 7.3 500 240
27 29.7 7.7 100 40
28 30.3 6.7 1140 560

WHO [45] 30.0 6.5–8.5 400 1000
PNSDW [46] 6.5–8.5 - 600

The GW temperatures ranged from 26.2 to 33.6 degree Celsius which could lead to
increased release rates of metals concentration especially within the water temperature of
30–35 degrees Celsius [47]. Furthermore, the study of Zhu, et al. in 2010 [48] attributed
the high temperature in GW to the boom of urbanization that was also observed in the
City of Calapan. The recorded pH of GW ranged from 6.7 to 8.8 which is within the pH
range guidelines set by the WHO and PNSDW [49]. The release rates of metals were
affected by a lower water pH. Lower pH of water means acidic water and known to be
aggressive, enhancing the breakdown of Fe and Mn resulting in an unpleasant taste in
water [50]. This condition could have adverse effects including heavy metal poisoning
and toxicity [51–53]. The majority of the water samples are slightly basic which could be
attributed to the existence of carbonates and bicarbonates [54]. The TDS and EC range
recorded was 40–900 ppm and 100–1820 µS/cm, respectively. The TDS in GW found to be
below WHO guidelines; however, beyond PNSDW guidelines. The TDS and EC had been
found to have positive correlation [55]. The elevated EC of 1820 µS/cm has been attributed
to inorganic chemicals in ionized form in water [54] such as metal elements.

3.2. Heavy Metal Concentrations

Presence of heavy metals were investigated in GW samples collected from the 28 sam-
pling sites as indicated in Figure 2. Detected concentrations were compared to the existing
maximum allowable limit of the WHO and the PNSDW 2017. These limits are enumerated
in Table 2. The toxicants found in the GW samples are discussed in more detail in the
subsections below.
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Table 2. Permissible limits of metals in groundwater.

Parameter, mg/L WHO USEPA (2009) PNSDW 2017

Ba 0.7 [56] 2.00 0.70
Cu 1.30 [45] 1.30 1.00
Fe - 0.30 1.00
Mn 0.40 1 0.05 0.40
Zn - 5.00 -

1 Guidance value.

3.2.1. Barium

All sampling locations observed Ba concentrations below permissible limits (Figure 3)
of WHO, USEPA and PNSDW. The presence of Ba in GW has been attributed to the
weathering of rocks such as igneous rocks, sandstone, shale, and coal [57,58].

Figure 3. Concentration of Ba in GW samples.

3.2.2. Copper

The Cu concentrations (Figure 4) in GW samples from all sampling locations did not
exceed the WHO guideline of 1.3 mg/L. The Cu in trace amounts in GW was associated
to the kind of rock that forms the aquifer [59]. Another possible source of copper is the
pipeline. Also, Cu concentrations at all sampling sites were within the acceptable limit of
PNSDW (1 mg/L) and WHO guidelines.

Figure 4. Concentration of Cu in GW samples.
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3.2.3. Iron

Iron stains laundry and plumbing fixtures at concentrations more than 0.3 mg/L; it
can also give metallic taste [60]. Hence, USEPA set an allowable concentration limit of
0.3 mg/L. The majority of the Fe in GW comes from minerals and sediments which may be
in the form of particulate or dissolved [61]. The Fe concentration in each sampling location
is presented in Figure 5. Sampling location 8 recorded an elevated Fe concentration. This
was attributed to a longer residence time [62] which is associated to the type of subsurface
(aquifer) that promotes longer residence time and creates opportunity for metals to react
through chemical and physical weathering [63]. In addition, the area shown in Figure 2
illustrates the area of sampling point 8 of having lesser active wells. This condition also
contributes to longer residence time of GW.

Figure 5. Concentration of Fe in GW samples.

3.2.4. Manganese

Groundwater samples collected from all sampling locations did not exceed the WHO’s
maximum permissible level for Mn concentration (Figure 6). The natural occurrence of Mn
in GW can be influenced by several factors including TDS, GW level fluctuations, and the
residence time. Agricultural operations and domestic wastewater are additional potential
two sources of Mn that can adversely affect the GW quality [64,65].

Figure 6. Concentration of Mn in GW samples.



Appl. Sci. 2022, 12, 132 9 of 23

3.2.5. Zinc

The highest concentration of Zn was recorded at Brgy. Gutad. However, this highest
Zn concentration was within the WHO and PNSDW permissible limits. Several locations
observed without Zn concentrations were at Brgy. Balingayan, Brgy. Maidlang, Brgy.
Managpi, and Brgy. Personas. Zinc is naturally found in GW and the acidity affects the
quality [64]; hence, it is important that monitoring is carried out. The acidity theory states
that the higher the acidity (i.e., lower pH) of the water, the higher the Zn concentration.
As observed in Table 1, GW samples from all sampling sites were slightly basic which
explains the low concentration levels of Zn. The Zn concentration in each sampling location
is presented in Figure 7.

Figure 7. Concentration of Zn in GW samples.

3.3. Correlation Analysis

The correlations between the physicochemical characteristics were investigated using
Pearson correlation analysis calculated through International Business Machine Statistical
Package for Social Sciences (IBM SPSS). The r and p values were presented. The r value
expresses the relationship between variables. The p value expresses the significance of
the relationship. A lower p-value denotes statistical significance, whereas a higher p-value
denotes the opposite. A negative correlation was found between pH and the other variables,
while a positive correlation was found between the other parameters. At the 0.01 p level, all
relationships were significant. The correlation matrix for the physicochemical parameters
are presented in Table 3.

Table 3. Correlation matrix of the physicochemical parameters.

Parameter Temp pH EC TDS

Temp 1.000
pH −0.665 ** 1.000
EC 0.657 ** −0.602 ** 1.000

TDS 0.664 ** −0.603 ** 0.995 ** 1.000
** Correlation is significant at the 0.01 level (2-tailed).

A substantial negative correlation was observed between pH and temperature
(r = −0.665), pH and EC (r = −0.602), and pH and TDS (r = −0.603) which is similar to the
findings of Abou Zakhem et al. in 2017 [66] and Sunkari and Abu in 2019 [67]. On the
other hand, a substantial positive correlation was observed between temperature and EC
(r = 0.657), temperature and TDS (r = 0.664), and EC and TDS (r = 0.995). This correlation
values agreed to the findings of Wali et al. in 2021 [68].
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Similar to physicochemical parameters, Pearson correlation analysis for the relation-
ships between Ba, Cu, Fe, Mn, and Zn was also taken. Fe was positively correlated with
Mn and Zn; and Mn was positively correlated with Zn. Positive substantial correlations
between these metals indicated the same origin, are mutually dependent, and have similar
transport characteristics [69]. The positive p with higher r values of this study illustrates
relationship between metals; however, this relationship was not significant. The presence
of these metals in GW is attributed to natural weathering of rocks. The correlation matrix
for metals concentrations is shown in Table 4.

Table 4. Correlation matrix for the heavy metal concentration of groundwater samples.

Metal Ba Cu Fe Mn Zn

Ba 1
Cu 0.055 1
Fe −0.136 −0.001 1
Mn −0.235 0.072 0.320 1
Zn −0.089 0.013 0.870 ** 0.190 1

** Correlation is significant at the 0.01 level (2-tailed).

3.4. Spatial Concentration Mapping Using NN-PSO + EBK

The NN-PSO simulation was applied to accelerate the performance of the prediction
capability of the EBK method. The simulation showed an excellent result as evident to
the mean squared error (MSE) and correlation coefficient (R) values wherein the ideal
value is 0 and 1, respectively. The NN-PSO simulation performed for the physicochemical
parameters and heavy metal concentrations are presented in Table 5. Correlation plots of
the R (validation) and R (testing) for the governing NN-PSO models of physicochemical
parameters and heavy metals concentration are illustrated as Figure A1 of Appendix B.

Table 5. NN-PSO Simulation Results.

Hidden
Neurons

No. of
Particles

No. of
Iterations

Elapsed
Time (sec) MSE

R

Validation Testing

Temp 25 3 2000 180.38559 0.01204 0.99878 0.99656
pH 29 10 2000 119.16085 0.00434 0.99078 0.99039
EC 30 1 2000 163.34882 0.00155 0.99851 0.99966

TDS 27 3 2000 337.90592 0.00032 0.99925 0.99981
Ba 29 1 2000 172.62202 2.44 × 10−6 0.98838 0.99286
Cu 29 3 2000 366.12861 1.64 × 10−7 0.99826 0.99636
Fe 28 3 2000 139.78693 0.00091 0.99010 0.99951
Mn 29 5 2000 115.26285 1.34 × 10−7 0.98252 0.99725
Zn 30 1 2000 142.60618 1.08 × 10−5 0.97945 0.99580

The relationship between the number of neurons ranging from 1 to 30 and the cor-
responding AIC (Akaike Information Criterion) values obtained for the physicochemical
parameters (temperature, pH, EC, and TDS) as well as the heavy metal concentrations are
exhibited in Figures 8 and 9, respectively. These figures represent the AIC values of all
NN-PSO models for each hidden neuron that was simulated in this study. It was observed
that the best models for the physicochemical parameters were determined from the 25, 29,
30, and 27 hidden neurons (HN) for temperature, pH, EC and TDS, respectively. The best
models for Ba, Cu, Fe, Mn, and Zn were observed in 29, 29, 28, 29, 30 HN, respectively, for
the heave metal concentrations.
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Figure 8. The AIC Values for Physicochemical Parameters.

Figure 9. The AIC Values for Heavy Metals.

The spatial concentration of the physicochemical parameters of GW in Calapan City,
Oriental Mindoro was mapped using NN-PSO+EBK interpolation method. The highest
temperature for GW recorded in the study area was 33.6 ◦C which was observed in Brgy.
Parang. While the least temperature was observed in Brgy. Biga with recorded temperature
of 26.2 ◦C. The highest pH for GW was observed at Brgy. Canubing I, with pH equal to
8.8. The lowest pH was detected at Brgy. Sto. Nino with pH of 6.7. The highest EC and
TDS observed in Brgy. Ibaba West with EC and TDS value of 1820 µS/cm and 900 ppm,
respectively. The least observed EC and TDS concentration was 100 µS/cm and 40 ppm,
respectively which was recorded in Brgy. Sta. Rita. The spatial concentration of the
physicochemical parameters of GW is shown in Figure 10.
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Figure 10. Physicochemical parameters map of Calapan City (a) Temperature, (b) pH, (c) EC, and
(d) TDS.

The spatial concentration of the heavy metals of GW in Calapan City, Oriental Mindoro
including Ba, Cu, Fe, Mn, and Zn was also mapped using the NN-PSO+EBK interpolation
method. The heavy metal concentration maps generated using the NN-PSO+EBK method
was presented in Figure 11.

Figure 11. Cont.
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Figure 11. Heavy metal concentration map of Calapan City (a) Ba, (b) Cu, (c) Fe, (d) Mn, and (e) Zn.

The highest Ba concentration was measured in Brgy. Canubing I, where it was 7.9 times
more than the background value for Ba measured in the research area. The average Ba
concentration across all sample sites was 5.6 times more than the background value in
the area of study. The highest concentrations of Cu were measured at several locations
and recorded to be three times greater than the background concentration of copper. The
mean concentration of Cu was found to be 2.1 times that of the background concentration.
The Fe concentrations were found to be highest in Brgy. Gutad where it was found to be
6.1 times greater than the background value reported for the research region. Moreover,
multiple sites were observed to exceed the WHO standards for Fe. These sites include Brgy.
Camansihan, Brgy. Ibaba East, Brgy. Masipit, Brgy. Parang, Site 2 of Brgy. Personas, Brgy.
San Vicente East, Brgy. Sta. Cruz, Brgy. Sta. Rita, and Brgy. Sto. Nino. Meanwhile, the mean
concentration in Calapan City was just 0.5 percent more than the background level. Mn and
Zn concentrations were highest in Brgy. Sto. Nino and Brgy. Gutad, respectively. However,
these concentrations were still below the background concentration in the research region.
The heavy metal concentration trend in the study area was observed to be Mn < Cu < Ba <
Zn < Fe. Generally, these concentrations are within the WHO, USEPA and PNSDW limit
except for Fe in several areas.

3.5. Cross Validation and Spot Sampling Evaluation Results

The predicted and observed values were compared to the NN-PSO+EBK method using
the correctness measures to test the robustness of the predicted models. The results shown
in Table 6 exhibit a robust and accurate result based on the R values close to 1. The cross-
validation results suggested that all values provided more accurate spatial distribution for
the study area. The cross-validation results are presented in Table 6.
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Table 6. Cross Validation Results for NN-PSO+EBK simulation.

Criteria Temp pH EC TDS Ba Cu Fe Mn Zn

R 0.989 0.990 0.934 0.977 0.994 0.976 0.985 0.975 0.984

A spot sampling analysis was performed using the data from the households in
different barangays of Calapan City. A total of 21,559 households were utilized in the spot
sampling analysis which is presented in Figure 12. The distribution of the households
included in the spot sampling analysis per barangay is presented in Figure 13.

Figure 12. Concentration of Zn in GW samples.

Figure 13. Distribution of the Number of Households included in the Spot Sampling Analysis.

The spot sampling results was compared to the spatial concentration maps created
in Figure 11. Table 7 exhibits the spot sampling comparison results for all heavy metals
detected in the GW resources in Calapan City. The results showed that the created maps
provided good results based on its MSE which is approaching zero when contrasted to the
spot sampling values.

Table 7. Spot Sampling Comparison Results.

Criteria Ba Cu Fe Mn Zn

MSE 0.0001404 0.0000542 0.0006260 0.0000037 0.0004141

Considering each barangay, the MSEs for each element were also obtained as pre-
sented in Table A2 of Appendix C. Figure 14 presents the summary of the spot sampling
comparison results in each barangay for all heavy metals considered in the study.
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Figure 14. Cont.
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Figure 14. Summary of MSE per Barangay considering (a) Ba, (b) Cu, (c) Fe, (d) Mn, and (e) Zn.

4. Discussion

Oriental Mindoro, an island province, is vulnerable to GW pollution and degradation
due to natural and human activities. Due to structural disadvantages and characteristics
such as smaller land area and population, insufficient natural resources, geographical
distribution, and other global factors beyond domestic control, a small island economy is
less resilient to the threat of GW deterioration and contamination than larger and more
diverse economies [70].

Water plays a critical part in achieving the United Nations’ Sustainable Development
Goals (SDGs). One of the problems that population has been experiencing is ensuring that
everyone achieves SDG 6 (clean water and sanitation) which seeks to guarantee universal
access to, and sustainable management of water. Continuous data integration and frequent
monitoring remain to be critical components to achieving SDG 6 [71]. Hence, creating tools
to aid in carrying out GW monitoring is significant. Tools such as the hybrid NN-PSO+EBK
in making GW monitoring convenient to researchers and authorities are important.

Various heavy metals were detected at various sampling sites across Calapan City. The
mean concentration of these metals in GW remained below the WHO and PNSDW accept-
able levels. The recorded in-situ physicochemical characteristics were also compared to the
WHO and PNSDW acceptable limits. The average GW temperature observed in the study
area was 29.99 ◦C while the average GW pH observed was 7.69. Both figures are within
the permissible range of WHO and PNSDW. One (1) sampling location exhibited pH value
exceeding the maximum limit for pH of PNSDW. The average EC for the area of study was
560.36 µS/cm. This is within the permissible limit of the WHO. One (1) sampling location
exhibited an EC value exceeding the WHO limit of 1500 µS/cm. The EC observation made
in this location was categorized as Type II. The EC greater than 1500 µS/cm but less than
3000 µS/cm implies medium salts enrichment [72]. The average TDS is 277.15 ppm which
was below the maximum allowable limit by the PNSDW and WHO. Though, TDS levels did
not exceed the permissible limits set by WHO and PNSDW but were substantially lower or
higher than the suggested TDS range of 600−1000 impairing palatability. Specifically, data
of water samples from Ibaba West recorded TDS of 900. This number is at the high side of
the limit which suggested the probability of impaired taste. On the other hand, the TDS
concentrations recorded in Balingayan (60), Biga (50), Canubing (50), Comunal (90), Ibaba
East Site 1 (160), Managpi (100), Personas (60), and Sta. Rita (40) were all significantly lower
than the recommended range (600−1000 ppm) which may result to flat and insipid flavor.

The heavy metals concentration for GW was also observed in the study area. The Fe
concentrations detected in multiple locations were above the WHO and PNSDW standards.
However, the rest of the heavy metals detected were within the permissible limits. Water
with elevated metals concentration has the potential to cause several public health issues.
Health risks associated with elevated Fe in GW is probable. Pollutants entering the human
body through drinking water have been shown in numerous studies to have detrimental
health consequences for consumers. Micronutrients are essential in living organisms; how-
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ever, elevated concentration adversely affects public health. Similar case with Mn which
is necessary for humans; however, excessive quantities will have negative consequences.
Neurological disorders, such as aberrant walking, ataxia, muscle hypotonicity, and a face
devoid of lasting emotions, are frequently associated to Mn [64]. Dysfunction of liver
was also reported [73]. Furthermore, excess Mn concentration has been demonstrated to
produce neurotoxicity in infants receiving parenteral nourishment [74]. Excess Mn has
been also linked to a lower level of IQ in children [64].

Meanwhile, asbestos-related cancer is believed to be caused by free radicals, which are
produced by iron. Free radicals produced by iron can cause cancer by oxidizing DNA and
causing DNA damage [75]. Additionally, elevated levels of Mn and Fe in drinking water
have been associated to a decrease in birth weight in term-born infants [76]. Furthermore,
since animals’ intestinal mucosa is highly porous, the fast absorption into the blood has
been attributed to the Ba2+ ions which are rapidly absorbed from the gastrointestinal
system and lungs. Moreover, it has been observed that Ba poisoning mostly affects the
cardiovascular system; nevertheless, renal dysfunction has been documented as well [77].

The use of in-situ and hybrid machine learning—geostatistical methods are an integral
part of data integration for GW quality monitoring. The impact of GW contamination in an
island province had been a threat to public health especially when GW is used as primary
source of domestic, agricultural and industrial water supply. Application of NN-PSO+EBK
hybrid technique enables the establishment of spatial variability map of the contaminants
that contributes to the depletion of GW quality. As a result, future undesired consequences
could be avoided using this monitoring technique. The NN-PSO+EBK can offer periodic
and long-term data that can be utilized for permanent monitoring of GW quality and risk
assessments. Also, this tool can be utilized as early warning of GW quality for detrimental
effects [78] by human activities and/or natural weathering.

5. Conclusions

An in-situ approach and hybrid MLGI, i.e., NN-PSO+EBK, was applied to assess and
evaluate the GW quality in Calapan City, Oriental Mindoro, Philippines. Physicochem-
ical characteristics and metals concentrations were detected onsite at various sampling
locations. Generally, the physicochemical analysis of GW samples met the WHO and
PNSDW guidelines. The average values for temperature, pH, EC, and TDS were within the
permissible limits though few sampling locations exceeded the permissible limits of WHO
and PNSDW. The pH of all samples was within the limits set by the PNSDW. Barangays
Buhuan, Camansihan, Gutad, Ibaba East (Site 2), Ibaba West, Ilaya, Lazareto, Maidlang,
Masipit, Nag-iba II, Pachoca, Parang, San Vicente East, Sta. Cruz, and Sto. Nino recorded
elevated EC values. This was attributed to the addition of leachable salts. Also, the recorded
TDS values suggested probable impaired palatability by having values significantly below
the recommended range of 600−1000 ppm. Heavy metals analysis showed that only Fe de-
tected in multiple GW samples had concentration above the WHO and PNSDW maximum
permitted levels. This condition presents health concerns to the consumers. The record
on Fe concentration in Brgy. Gutad GW samples were above WHO and PNSDW limit.
Other GW samples recorded target metals concentration within the WHO and PNSDW
permissible limits. The spot sampling analysis results showed that the generated maps
by hybrid technique such as NN-PSO+EBK were reliable in describing the heavy metal
concentration in the city of Calapan based on its MSE, R and AIC values.

This study is useful as a reference to providing techniques on gathering data for GW
quality monitoring to help attain SDGs 6. It is suggested to conduct a study targeting
other metals and regular monitoring of its concentration using this hybrid MLGI technique.
Additionally, the regular monitoring is necessary to better understanding of the possible
health consequences. Furthermore, a health risk assessment based on GW quality should
be conducted. Another, preliminary interventions on GW quality control is necessary.
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Appendix A

Table A1. Observed Physicochemical Properties of Groundwater Samples.

Sampling
No. Barangay Latitude Longitude Temp

(◦C) pH EC
(µS/cm)

TDS
(ppm)

1 Balingayan (Site 1) 13.31903◦ N 121.13432◦ E 28.3 7.9 130 60
2 Balingayan (Site 2) 13.32454◦ N 121.13555◦ E 28.5 8.4 130 60
3 Biga 13.32791◦ N 121.17312◦ E 26.2 8.5 120 50
4 Buhuan 13.31451◦ N 121.22395◦E 29.2 7.6 660 320
5 Camansihan 13.33399◦ N 121.22656◦ E 30.7 7.8 1200 590
6 Canubing I 13.35590◦ N 121.14091◦ E 27.1 8.8 130 50
7 Comunal 13.31267◦ N 121.16494◦ E 27.2 7.9 200 90
8 Gutad 13.35518◦ N 121.25278◦ E 32.4 7.1 900 440
9 Ibaba East (Site 1) 13.41517◦ N 121.17836◦ E 31.6 7.5 350 160

10 Ibaba East (Site 2) 13.41484◦ N 121.17769◦ E 32.5 7.5 970 480
11 Ibaba West 13.41478◦ N 121.17676◦ E 31.4 7.4 1820 900
12 Ilaya 13.41181◦ N 121.18548◦ E 31.1 7.1 780 380
13 Lazareto 13.42972◦ N 121.19940◦ E 31 7 990 490
14 Maidlang 13.39711◦ N 121.22727◦ E 32 7.5 600 290
15 Managpi 13.32512◦ N 121.19595◦ E 28.1 7.5 220 100
16 Masipit 13.38917◦ N 121.16190◦ E 31.5 7.3 570 270
17 Nag-iba II 13.34643◦ N 121.25301◦ E 30.6 7.3 820 400
18 Pachoca 13.41061◦ N 121.16840◦ E 29.2 8.1 690 340
19 Palhi 13.37502◦ N 121.20703◦ E 30.2 7.4 410 200
20 Panggalaan 13.30148◦ N 121.19908◦ E 30.1 7.6 140 160
21 Panggalaan 13.30027◦ N 121.20041◦ E 28.4 8.3 180 150
22 Parang 13.40059◦ N 121.21769◦ E 33.6 7.7 910 450
23 Personas (Site 1) 13.30623◦ N 121.14083◦ E 28.7 8.3 140 60
24 Personas (Site 2) 13.30930◦ N 121.13945◦ E 27.4 8.4 140 60
25 San Vicente East 13.31045◦ N 121.17980◦ E 32.9 7.6 750 370
26 Sta. Cruz 13.31633◦ N 121.23461◦ E 29.7 7.3 500 240
27 Sta. Rita 13.35212◦ N 121.13091◦ E 29.7 7.7 100 40
28 Sto. Nino 13.40712◦ N 121.18545◦ E 30.3 6.7 1140 560
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Appendix B

Figure A1. R Value Plots for Validation and Testing Phase of the NN-PSO: (a) Temperature; (b) pH;
(c) EC; (d) TDS; (e) Ba; (f) Cu; (g) Fe; (h) Mn; (i) Zn.
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Appendix C

Table A2. Spot Sampling Results in each Barangay of Calapan City.

Brgy. No. Barangay Latitude Longitude Elev. (m)
Average MSE

Ba Cu Fe Mn Zn

1 Balingayan 13.3241◦ N 121.1407◦ E 13.2 0.0000151 0.0000412 0.0000104 0.0000007 0.0000138
2 Balite 13.4131◦ N 121.1580◦ E 7.6 0.0002007 0.0002381 0.0009690 0.0000110 0.0025765
3 Batino 13.3494◦ N 121.2201◦ E 7.8 0.0000578 0.0000624 0.0009873 0.0000028 0.0003248
4 Bayanan I 13.3679◦ N 121.1685◦ E 8.8 0.0005507 0.0000240 0.0001122 0.0000040 0.0002384
5 Bayanan II 13.3560◦ N 121.1699◦ E 12.5 0.0002042 0.0001388 0.0005354 0.0000042 0.0001622
6 Biga 13.3270◦ N 121.1733◦ E 14.1 0.0000080 0.0000108 0.0000396 0.0000006 0.0001686
7 Bondoc 13.3867◦ N 121.2010◦ E 165.5 0.0000844 0.0000133 0.0025490 0.0000110 0.0003627
8 Bucayao 13.3066◦ N 121.1915◦ E 17.3 0.0000146 0.0000316 0.0000047 0.0000039 0.0000776
9 Buhuan 13.3106◦ N 121.1915◦ E 12.8 0.0000069 0.0000081 0.0002698 0.0000003 0.0000034
10 Bulusan 13.4037◦ N 121.2012◦ E 28.4 0.0000127 0.0000730 0.0009766 0.0000010 0.0000702
11 Calero 13.4159◦ N 121.1831◦ E 9.4 0.0000079 0.0001424 0.0000126 0.0000020 0.0000081
12 Camansihan 13.3428◦ N 121.2290◦ E 7.1 0.0000042 0.0000183 0.0004483 0.0000007 0.0004709
13 Camilmil 13.4061◦ N 121.1760◦ E 8.4 0.0000827 0.0000129 0.0000828 0.0000059 0.0000046
14 Canubing I 13.3554◦ N 121.1423◦ E 8.6 0.0000088 0.0000043 0.0030914 0.0000055 0.0012961
15 Canubing II 13.3261◦ N 121.1216◦ E 12.9 0.0002042 0.0001033 0.0002191 0.0000018 0.0017159
16 Comunal 13.3075◦ N 121.1606◦ E 19.5 0.0000085 0.0000694 0.0000558 0.0000008 0.0000270
17 Guinobatan 13.3829◦ N 121.1818◦ E 9.7 0.0003723 0.0000199 0.0003131 0.0000073 0.0000374
18 Gulod 13.3433◦ N 121.2073◦ E 9.0 0.0004521 0.0000160 0.0007486 0.0000049 0.0002808
19 Gutad 13.3597◦ N 121.2464◦ E 7.2 0.0001561 0.0000687 0.0075550 0.0000108 0.0021064
20 Ibaba East 13.4149◦ N 121.1788◦ E 6.6 0.0000009 0.0000016 0.0000250 0.0000008 0.0000022
21 Ibaba West 13.4146◦ N 121.1762◦ E 5.9 0.0000027 0.0000018 0.0000010 0.0000001 0.0000021
22 Ilaya 13.4129◦ N 121.1840◦ E 8.7 0.0000040 0.0000232 0.0000372 0.0000002 0.0000020
23 Lalud 13.3993◦ N 121.1739◦ E 9.1 0.0003669 0.0000186 0.0002229 0.0000068 0.0000209
24 Lazareto 13.4286◦ N 121.1995◦ E 12.9 0.0000251 0.0000371 0.0000305 0.0000012 0.0000589
25 Libis 13.4149◦ N 121.1847◦ E 9.2 0.0000074 0.0001006 0.0000018 0.0000010 0.0000036
26 Lumang Bayan 13.4009◦ N 121.1816◦ E 6.8 0.0001156 0.0000113 0.0001495 0.0000042 0.0000077
27 Mahal na Pangalan 13.4082◦ N 121.1502◦ E 9.0 0.0004217 0.0002451 0.0057978 0.0000094 0.0056021
28 Maidlang 13.3883◦ N 121.2339◦ E 8.3 0.0000427 0.0000111 0.0017492 0.0000014 0.0000401
29 Malad 13.3396◦ N 121.1588◦ E 10.8 0.0001085 0.0000189 0.0002558 0.0000093 0.0001421
30 Malamig 13.3439◦ N 121.1456◦ E 10.7 0.0000640 0.0000077 0.0002769 0.0000110 0.0001567
31 Managpi 13.3282◦ N 121.1997◦ E 18.0 0.0000321 0.0000051 0.0000465 0.0000014 0.0000330
32 Masipit 13.3869◦ N 121.1603◦ E 6.6 0.0000484 0.0000162 0.0001101 0.0000002 0.0000723
33 Nag-Iba I 13.3400◦ N 121.2721◦ E 8.5 0.0000893 0.0000313 0.0032634 0.0000108 0.0010670
34 Nag-Iba II 13.3470◦ N 121.2622◦ E 11.0 0.0000154 0.0000190 0.0016347 0.0000060 0.0006289
35 Navotas 13.3739◦ N 121.2486◦ E 7.5 0.0004349 0.0000114 0.0065142 0.0000019 0.0018669
36 Pachoca 13.4108◦ N 121.1677◦ E 6.0 0.0000441 0.0000266 0.0000465 0.0000024 0.0001095
37 Palhi 13.3750◦ N 121.2070◦ E 18.6 0.0001992 0.0000633 0.0003630 0.0000046 0.0000934
38 Panggalaan 13.3012◦ N 121.1990◦ E 17.9 0.0000164 0.0000234 0.0000402 0.0000039 0.0000126
39 Parang 13.4035◦ N 121.2182◦ E 9.5 0.0000148 0.0000209 0.0001279 0.0000015 0.0000127
40 Patas 13.3452◦ N 121.1222◦ E 12.9 0.0009213 0.0001269 0.0005874 0.0000021 0.0000333
41 Personas 13.3083◦ N 121.1438◦ E 14.5 0.0000006 0.0000300 0.0000213 0.0000001 0.0000028
42 Puting Tubig 13.3470◦ N 121.1887◦ E 7.3 0.0003178 0.0000788 0.0003261 0.0000037 0.0001840
43 San Antonio 13.4259◦ N 121.1956◦ E 14.0 0.0000013 0.0001353 0.0000519 0.0000045 0.0000587
44 San Rafael 13.4216◦ N 121.1911◦ E 6.4 0.0000099 0.0002183 0.0000171 0.0000053 0.0000280
45 San Vicente Central 13.4120◦ N 121.1787◦ E 8.6 0.0000010 0.0000086 0.0000024 0.0000011 0.0000011
46 San Vicente East 13.4098◦ N 121.1798◦ E 9.3 0.0000009 0.0000106 0.0000044 0.0000014 0.0000004
47 San Vicente North 13.4138◦ N 121.1785◦ E 6.7 0.0000003 0.0000045 0.0000005 0.0000003 0.0000001
48 San Vicente South 13.4095◦ N 121.1779◦ E 7.6 0.0000072 0.0000115 0.0000123 0.0000031 0.0000018
49 San Vicente West 13.4124◦ N 121.1765◦ E 7.8 0.0000005 0.0000040 0.0000024 0.0000005 0.0000010
50 Santa Cruz 13.3169◦ N 121.2370◦ E 12.1 0.0001231 0.0000173 0.0006697 0.0000002 0.0001946
51 Santa Isabel 13.3654◦ N 121.1577◦ E 5.3 0.0003942 0.0000233 0.0005533 0.0000043 0.0000575
52 Santa Maria Village 13.4093◦ N 121.1748◦ E 6.3 0.0000154 0.0000115 0.0000167 0.0000040 0.0000019
53 Santa Rita 13.3489◦ N 121.1303◦ E 11.1 0.0000139 0.0000317 0.0000140 0.0000002 0.0000081
54 Santo Niño 13.4066◦ N 121.1848◦ E 8.2 0.0000004 0.0000075 0.0000057 0.0000004 0.0000003
55 Sapul 13.3651◦ N 121.1885◦ E 14.3 0.0008450 0.0000108 0.0003983 0.0000126 0.0001391
56 Silonay 13.3992◦ N 121.2248◦ E 8.8 0.0000004 0.0000004 0.0000011 0.0000000 0.0000007
57 Suqui 13.4177◦ N 121.2040◦ E 11.1 0.0000057 0.0000434 0.0001749 0.0000019 0.0000464
58 Tawagan 13.3712◦ N 121.1448◦ E 8.6 0.0000693 0.0000169 0.0019052 0.0000004 0.0012349
59 Tawiran 13.3950◦ N 121.1680◦ E 7.0 0.0002160 0.0000253 0.0002604 0.0000030 0.0001365
60 Tibag 13.4123◦ N 121.1730◦ E 8.2 0.0000018 0.0000040 0.0000027 0.0000006 0.0000014
61 Wawa 13.4025◦ N 121.1453◦ E 8.8 0.0004609 0.0002441 0.0085841 0.0000055 0.0063922
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