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Abstract

Aquifers are geologic units capable of storing and transmitting water from surface runoff or precipitation. Porosity and permeability
are key factors in determining whether rocks can function as aquifers. While aquifers typically occur in sedimentary deposits,
sufficiently fractured crystalline units can also serve as groundwater reservoirs. This is especially true in regions underlain by igneous
and metamorphic rocks. Such is the case in Palawan, an island province within a microcontinental block in the Philippine archipelago.
The municipality of Puerto Princesa in Palawan is a major eco-tourism hub with a growing population. However, water scarcity during
the dry season significantly disrupts local livelihoods. This study aims to evaluate the groundwater potential of North-Central Palawan
using remote sensing and geophysical analysis. SRTM and Landsat-9 images were used in the delineation of surface lineament features,
while subsurface lineaments were identified from edge detection enhancements of gravity anomaly data. By integrating lineament
density data with elevation, lithology, and rainfall data, a groundwater potential map was generated using normalized weight factors
derived from an Analytic Hierarchy Process. Results indicate that areas with low elevation and a broad sedimentary cover have very
high groundwater potential. In contrast, igneous and metamorphic rocks generally exhibit low potential, except where dense fracturing
is present. Statistical analysis using the chi-square test reveals a significant association between well depth and groundwater potential,
which validates the model generated in this study. The results underscore the practical advantages of non-invasive geophysical and
remote sensing means in characterizing key groundwater sites for future drilling.

1. Introduction resulting from the convergence of the continental Eurasian
margin with the oceanic Philippine Mobile Belt (Taylor and
Hayes, 1980; Yumul et al., 2008; Aurelio et al., 2014). The
geologic setting of North-Central Palawan is likely conducive to

the formation of fractured aquifers.

1.1 Background of the Study

An aquifer is a body of rock in which precipitation can infiltrate
the subsurface. The spaces within these rock units allow the
subsequent storage of water (Salako and Adepelumi, 2018). The 1.2
stored water, referred to as groundwater, is the largest freshwater
reservoir on Earth (Margat and Van der Gun, 2013). It has been

Significance of the Study

Puerto Princesa, a prominent eco-tourism destination in Palawan,

used as a vital natural resource for domestic, industrial, and
commercial purposes since the advent of civilization (Lapworth
et al., 2022). An aquifer must be simultaneously porous and
permeable to be recharged from precipitation (Nichols, 2009).
Rock types fitting these criteria include most sedimentary units,
such as conglomerates and sandstones, which are characterized
by having ample spaces between their grains with sufficient
interconnectedness (Nichols, 2009; United States Geological
Survey, 2019). However, in cases where the bedrock is
predominantly crystalline (i.e., composed of igneous and
metamorphic rocks), the underlying material lacks sufficient
spaces between its constituent minerals. Alternatively, fracturing
can introduce the necessary porosity and permeability for
crystalline material to be considered as an aquifer (Salako and
Adepelumi, 2018; Deffo et al., 2024). Tectonic events and the
movement of faults result in regional fracturing in crystalline
rocks, which eventually enlarge to form large crevices over time
(Tarbuck et al., 2008).

Palawan, situated within the Palawan Microcontinental Block, is
primarily composed of Mesozoic igneous and metamorphic rocks
with a thin cover of continent-derived sedimentary rocks (Yumul
et al., 2008; Dycoco et al., 2021). The region was previously an
actively deforming zone due to rifting and collision events

potentially faces water shortages due to increasing consumption
and changes in climate patterns (Dela Cruz et al., 2021). The
Puerto Princesa City Water District (PPCWD) reported a
significant decline in water levels within the Irawan watershed
(Formoso, 2018), resulting in substantial disruptions to public
services and community livelihoods. In response, local
government units, in coordination with various national agencies,
have been actively seeking alternative water sources. Among the
proposed solutions is the establishment of groundwater wells,
supported by surveys and site evaluations. In this context,
identifying potential groundwater recharge sites is critical to
ensuring a sustainable and reliable water supply for the
municipality and its growing population.

1.3 Objectives

This study aims to generate a groundwater potential map for
North-Central Palawan by evaluating factors that influence
groundwater potential, including lithology, elevation, lineament
density, and rainfall. Moreover, this study aims to investigate the
efficiency and practicality of using non-invasive methods, such
as remote sensing and geophysical analysis, in analyzing
lineament features as a suitable alternative to traditional onsite
surveys.
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2. Methodology

This study integrated remote sensing (satellite images) and
geophysical methods (gravity anomaly maps) with geological
data to evaluate the groundwater potential in North-Central

Palawan (Figure 1).
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Figure 1. The methodology used in generating the groundwater
potential map of the study area.

This study integrates remote sensing and geophysical techniques
to identify lineaments. Lineament density information, along
with geologic, topographic, and rainfall data, was utilized to
identify key groundwater recharge sites in the study area.

2.1 Geology

Lithologic data were based on the geologic maps of the Mines
and Geosciences Bureau (MGB) (2010) and Dycoco et al. (2021).
Both maps were digitized to a scale of 1:250,000 in QGIS 3.36.2.

2.2  Geophysics

Since faults are not limited to the Earth's surface, conducting
geophysical surveys, such as gravity surveys, is essential for
lineament analysis (Lowrie, 2007; Ansari and Alamdar, 2011;
Vaish and Pal, 2015). By imaging the lateral differences in the
density of subsurface geologic bodies, gravity anomalies can
reveal the character of lithologic units at various levels of the
Earth’s lithosphere. This includes possible breaks and
discontinuities in the Earth’s crust (Lowrie, 2007). This study
utilized gravity anomaly data from the World Gravity Map
(WGM) 2012, which was extracted from the Bureau
Gravimétrique International (BGI) website. The data has an arc
resolution of 2° x 2° (Bonvalot et al., 2012), which corresponds
to approximately 3.6 km near the equator. The gravity anomalies
were then subjected to various processing techniques.

Spectral analysis was conducted to separate the components of
the anomalies that are produced by shallow geologic sources

from those of deeper ones. Regional anomalies have low
frequencies due to their depth and size, whereas residual
anomalies are considered to have relatively higher frequencies
because of their shallow depths (Parasnis, 1979). Spectral
analysis was also conducted using the Oasis Geosoft Montaj
v2023.1.1 software.

Edge detection enhancements were applied to the residual
anomaly map to identify significant changes in the gravity data,
which may correspond to lineaments at depth. The tilt derivative
functions were applied using the MAGMAP filtering tool of the
Oasis Geosoft Montaj v2023.1.1 software.

2.3 Remote Sensing

Remote sensing is primarily used in monitoring the physical
characteristics of the Earth's surface. Satellite data is highly
advantageous in areas that cannot be mapped due to elevated
topography or logistical restrictions, such as in the case of North-
Central Palawan. Furthermore, remote sensing can provide
crucial details on tectonic discontinuities (i.e., faults, fractures,
and suture zones) and poorly understood lithologic units. Two
satellite datasets of 30 m resolution were utilized in analyzing the
lineament features in the study area: the Shuttle Radar
Topography Mission (SRTM) (Figure 7) and Landsat-9 (Figure
8). Both scenes were collected from the EarthExplorer website of
the US Geological Survey. SRTM data were taken by the
National Geospatial-Intelligence Agency (NGA) and the
National Aeronautics and Space Administration (NASA) using
the space shuttle Endeavour from February 11 to 22, 2000. The
Landsat-9 image, acquired on March 5, 2024, had already
undergone pre-processing (geometric correction and radiometric
correction) according to the provider’s standards. The two
datasets were subsequently analyzed in QGIS 3.36.2. The
Landsat-9 images were displayed in band combinations 762, as
they are known to aid in the visualization of geologic landscapes
(Aliyan et al., 2022). Meanwhile, lineaments were manually
digitized. The identified lineaments were cross-checked with
fault layer files from the National Oceanic and Atmospheric
Administration (NOAA) and the Philippine Institute of
Volcanology and Seismology (PHIVOLCS), as well as maps
from previous works (i.e., Steuer et al., 2013; Gibaga et al., 2020;
Dycoco et al., 2021), to ensure their veracity in the field.

In most cases, when datasets of differing spatial resolution are
integrated, the coarsest dataset sets the effective resolution of the
analysis. However, while differences in spatial resolution exist
between the gravity data (~3.6 km) and the remote sensing
datasets (30 m), these datasets capture different but
complementary aspects of the study area. The gravity anomalies
highlight regional, tectonically controlled subsurface lineaments,
whereas the SRTM and Landsat-9 data emphasize surface
geomorphic lineaments. The two datasets are inherently sensitive
to different scales of structural features. The coarse gravity grid
does not diminish the value of the high-resolution remote sensing
data because each dataset constrains different parts of the system.

2.4 Rainfall
Rainfall data were derived from the latest record for the

Philippines in the Global Precipitation Model (GPM) v6
developed by Huffman et al. (2019).

2.5 Groundwater Potential

Groundwater potential was assessed using weight factors
determined through the Analytic Hierarchy Process (AHP), a
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commonly utilized multi-criteria decision analysis technique
suitable for GIS-based studies (Aykut, 2021). The relative
significance of each criterion was assigned using Saaty’s (1987)
nine-point intensity scale (Table 1). In this study, a pairwise
matrix of factors was established based on the professional
judgment of the authors, supported by reports from similar
studies (e.g., Shaban et al., 2005; Arulbalaji et al., 2019; Aykut,
2021; Deffo et al., 2024) (Table 2). Among these, lithology was
identified as the most influential factor as it directly controls
aquifer characteristics such as porosity, permeability, and
groundwater storage capacity. This was followed in importance
by lineament density, slope, and then rainfall.

Scale Definition
1 Equal importance
2 Equal to moderate importance
3 Moderate importance
4 Moderate to strong importance
5 Strong importance
6 Strong to very strong importance
7 Very strong importance
8 Very to extremely strong importance
9 Extremely strong importance

Table 1. The Saaty (1987) scale for evaluating the relative
importance of weight factors in AHP.

Lithology LD Slope Rainfall
Lithology 1 2 4 7
LD 1/2 1 2 3
Slope 1/4 1/2 1 2
Rainfall 1/7 1/3 12 1

Table 2. Pairwise matrix of factors for groundwater potential.

Computation of the principal normalized eigenvector returned
the following weights:

GP = 0.5305- L+ 0.2557 - LD + )
0.1374 - S;n, +0.0764 R
where  GP = groundwater potential
L = lithology
LD = lineament density
Sinv = inverted slope
R = rainfall

Each factor was standardized linearly using the following
equation, which gives values from zero (worst) to one (best):

X — Xpi
Xstd = )

Xnax - Xmin

X = standardized score

X = factor value

Xmin = minimum factor value
Xmax = maximum factor value

where

For the slope, which is a negative criterion, meaning a higher
slope contributes negatively to groundwater potential, the
standardized score was inverted:

scorejny = 1 — Xgg 3)

where  scoreinv = inverted standardized score

Checks for consistency were performed using the following
formula, where N is the number of factors considered in the
pairwise matrix:

_ Amax — N 4)
d=-N-1
CR = o 5)
" RI

CI = coherence index

Amax = principal eigenvalue

N = number of factors in the pairwise matrix
CR = coherence ratio

RI = random coherence index

where

Calculations revealed a Amax of 4.008, a CI of 0.0029, and a
random coherence index RI of 0.90, resulting in a CR of 0.0026.
Given that the CR was significantly less than 0.1 (10%), the
output is deemed reliable. Thus, Equation 1 was used as the raster
calculator expression to generate the groundwater potential map
for North-Central Palawan.

3. Results and Discussions

3.1 Geology

Palawan is dominantly underlain by quartzose sedimentary rocks
and felsic to intermediate igneous rocks. An ophiolitic terrane is
present in the southern and central regions, originating from the
obduction of Cretaceous to Eocene oceanic lithosphere (Dycoco
etal., 2021).
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Figure 3. Map of the Philippine archipelago (left) indicating
major tectonic blocks and regional features. Enclosed in the red
box is the study area shown in the elevation map (right).
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Thus, most of Puerto Princesa consists of ultramafic to mafic
units, including peridotite, gabbro, and basalt, with metamorphic
rocks found further to the north (MGB, 2010) (Figure 2). In areas
near low-lying coastlines, relatively young sandstones and
conglomerates cover the crystalline basement. Geology also
significantly influences the topographic behavior of landmasses
(Figure 3). Accreted crystalline material in Palawan forms broad
mountain ranges through its emplacement and resistance to
weathering.

3.2 Geophysics

Deep and shallow signatures correspond to 5 km and 2 km,
respectively, based on the radially averaged power spectrum
(RAPS) (Figure 4). Gravity anomalies in Puerto Princesa range
from 188.4 to 236.6 mGal, with a median value of 206.4 mGal.
Once the effect of large bodies was removed, the upper 2 km of
the subsurface exhibited -18.0 to 13.4 mGal. Narrow gravity lows
are observed over coastlines with substantial alluvium content,
while isolated gravity highs coincide with broad basement
exposures of dense igneous and metamorphic rocks (Figure 5).
The tilt derivative is a geometrical function that compares the
vertical with the horizontal derivative of the total field. The
boundaries of source bodies and subsurface structures correspond
to zero values, while the center of the source bodies is indicated
by the maxima (Miller and Singh, 1994; Verduzco et al., 2004).
Geophysical lineaments were digitized based on zero values in
the tilt derivative map (Figure 6).
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Figure 4. Radially averaged power spectrum showing depth
estimates of regional bodies (blue line), shallow units (green
line), and the remaining noise component (red line).
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Figure 5. Bouguer anomaly map (left) and residual anomaly
map (right) of North-Central Palawan.
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Figure 6. Tilt derivative map of the study area (left) with the
geophysical lineament map (right) labeled in black dashed lines.

3.3 Remote Sensing

Lineaments derived from the SRTM (Figure 7) and
Landsat-9 (Figure 8) images are interpreted as surface
expressions of underlying fractures or faults. The two datasets are
in good agreement in terms of orientation and distribution.
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Figure 7. SRTM map (left) with identified lineaments indicated
as dashed blue lines (right).
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Figure 8. Landsat-9 image (left) with identified lineaments
indicated as dashed red lines (right).
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Figure 9. Lineament summary (left) and lineament density map
(right) of North-Central Palawan.
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3.4 Rainfall

Precipitation ranges from 20 to 70 mm throughout the
municipality of Puerto Princesa, with northern areas showing the
least rainfall (Figure 10).
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Figure 10. Rainfall map of North-Central Palawan.
3.5 Groundwater Potential

The groundwater potential map categorizes North-Central
Palawan into five classes, with ratings of very high, high,
moderate, low, and very low, based on the results of the raster
expression in Equation 1 (Figure 11).

e  Very Low: >45%

o Low:45-55%

e  Moderate: 55 — 65%
e  High: 65-75%

e  Very High: > 75%

Regions with very high potential are distinguished by their low
elevation and porous sedimentary rock cover. Although igneous
rocks with elevated topographic expressions are exposed in the
northeastern and southwestern portions of Puerto Princesa, much
of these areas are characterized by dense fracturing, which
contributes positively to groundwater potential. They are
therefore classified as high to very high potential, despite their
lithologic character. Many urban barangays in the Puerto
Princesa Bay are in low-lying areas with very high groundwater
potential. However, rural barangays with rugged, mountainous
topography have very low groundwater potential due to the
negative contribution of slopes.

11830 118°45E
| 1

Groundwater
Potential

B very High

High

100N~

Moderate

9°45'N —
Low

Very Low

]
]
L]
]

[ ———]
0 5 10 15 20 25km

Figure 11. Groundwater potential map of North-Central
Palawan as generated from lithologic, elevation, lineament
density, and rainfall data.
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Figure 12. The groundwater potential map, along with well data
from the Local Water Utilities Administration (2024).

To validate the groundwater potential map generated in this
study, well data from the Local Water Utilities Administration
(LWUA) were utilized. Well depth serves as a useful indicator of
groundwater availability, as it reflects the proximity of the water
table to the surface. Shallow wells are typically constructed in
areas where the water table lies near the surface, while deeper
wells are required to access stable aquifers in areas where the
water table is lower (Farrell-Poe & Pater, 2018). Harnessing
shallow wells is also more advantageous to local communities
since deeper wells are expensive to drill and maintain.

From the LWUA database, a total of 123 wells with complete
depth information were plotted within the study area (Figure 12).
To assess the significance of the results, a chi-square test of
independence was performed, with the rows representing well
classification and the columns representing groundwater
potential zones as generated from the map (Table 3). Notably, no
established wells were in areas classified as low to very low
potential, which is consistent with expectations and supports the
validity of the model.

Groundwater Potential
Well Classification | Moderate High Very High
Shallow 0 32 45
Deep 3 6 25
Very Deep 1 1 10

Table 3. Contingency table for well depth and groundwater
potential based on data from the LWUA.

The chi-square test yielded a statistic of 14.756 with 4 degrees of
freedom and a p-value of 0.00523. Since the p-value is less than
0.05, the null hypothesis of independence can be rejected. This
result indicates a statistically significant association between well
depth and groundwater potential, suggesting that the model
effectively reflects subsurface conditions.

4. Conclusions and Recommendations

4.1 Conclusions

This study utilized remote sensing and geophysical methods to
delineate fractured basement aquifers in North-Central Palawan.
The following conclusions are hereby drawn from the results of
this research:

e Low-elevation areas, sedimentary rocks, and the
presence of fracturing correlate strongly with the
groundwater potential of an area.
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e C(Crystalline rocks (i.e., igneous and metamorphic
rocks), due to their inherently low permeability and
porosity, have less capacity for storing groundwater.
However, fracturing helps in the infiltration and
storage of groundwater in these areas.

e Lincaments were effectively delineated through
combined remote sensing and tilt derivative
enhancement of gravity anomaly data.

e  Remote sensing and geophysical methods are valuable
complements to geologic data for groundwater
potential studies.

4.2 Recommendations

The methods and results presented in this study remain open to
improvement. First, the validation of lineaments identified
through remote sensing and geophysics should be supported by
on-site verification to confirm their actual presence in the field.
Moreover, applying additional processing techniques to satellite
data may enhance the accuracy and efficiency of lineament
delineation. In regions identified as having high to very high
groundwater potential, well drilling and the establishment of
monitoring points would provide empirical support, particularly
given the limited availability of online groundwater data
repositories. Finally, incorporating additional variables, such as
drainage density, slope, and land cover, could further enhance the
reliability of the groundwater potential map. Although these
factors were not considered in the current analysis, they remain
essential in understanding hydrogeological dynamics.
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