
doi: 10.3319/TAO.2015.05.11.03(TC)

* Corresponding author 
E-mail: jillian-g@mine.kyushu-u.ac.jp

Terr. Atmos. Ocean. Sci., Vol. 26, No. 6, 663-678, December 2015

Terrane Boundary Geophysical Signatures in Northwest Panay, Philippines: 
Results from Gravity, Seismic Refraction and Electrical Resistivity  

Investigations

Jillian Aira S. Gabo1, 2, *, Carla B. Dimalanta1, Graciano P. Yumul Jr. 3, Decibel V. Faustino-Eslava 4, and 
Akira Imai 2, 5

1 Rushurgent Working Group, National Institute of Geological Sciences, College of Science, University of the Philippines, Quezon 
City, Philippines 

2 Research Institute of Environment for Sustainability, Faculty of Engineering, Kyushu University, Fukuoka, Japan 
3 Apex Mining Company Inc., Ortigas City, Philippines 

4 School of Environmental Science and Management, University of the Philippines, Laguna, Philippines 
5 Department of Earth Science and Technology, Faculty of Engineering and Resource Science, Akita University, Akita, Japan

Received 12 February 2013, revised 11 September 2014, accepted 11 May 2015

ABSTRACT

Northwest Panay consists of two terranes that form part of the Central Philippine collision zone: Buruanga Peninsula 
and Antique Range. The Buruanga Peninsula consists of a Jurassic chert-clastic-limestone sequence, typical of oceanic plate 
stratigraphy of the Palawan Micro-continental Block. The Antique Range is characterized by Antique Ophiolite Complex 
peridotites and Miocene volcanic and clastic rocks, representing obducted oceanic crust that serves as the oceanic leading 
edge of the collision with the Philippine Mobile Belt. The Nabas Fault is identified as the boundary between the two terranes. 
This study employed the gravity method to characterize the Northwest Panay subsurface structure. Results indicate higher 
Bouguer anomaly values for Buruanga Peninsula than those for Antique Range, separated by a sudden decrease in gravity val-
ues toward the east-southeast (ESE) direction. Forward gravity data modeling indicates the presence of an underlying basaltic 
subducted slab in the Buruanga Peninsula. Furthermore, the Nabas Fault is characterized as an east-dipping thrust structure 
formed by Buruanga Peninsula basement leading edge subduction beneath Antique Range. Additional geophysical constraints 
were provided by shallow seismic refraction and electrical resistivity surveys. Results from both methods delineated the shal-
low subsurface signature of the Nabas Fault buried beneath alluvium deposits. The gravity, seismic refraction and electrical 
resistivity methods were consistent in identifying the Nabas Fault as the terrane boundary between the Buruanga Peninsula 
and the Antique Range. The three geophysical methods helped constrain the subsurface configuration in Northwest Panay.
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1. INTRODUCTION

Arc-continent collision processes usually result in 
crustal-growth processes such as arc magmatism, ophiolite 
emplacement, terrane accretion and suturing (Condie 1997; 
Dimalanta and Yumul 2004; English and Johnston 2005). 
In addition, the participation of oceanic bathymetric highs 
(e.g., seamounts, spreading ridge, micro-continental blocks) 
contributes to the significant geologic features observed in 

combined subduction-collision zones (Pubellier and Cob-
bold 1996; Bautista et al. 2001; Meffre and Crawford 2001; 
Yumul et al. 2005; Scalabrino et al. 2011). The collision 
between the Palawan Micro-continental Block and the Phil-
ippine Mobile Belt is one of the most significant geological 
events in the tectonic history of the Philippines. The collision 
boundary runs from east of Mindoro, east of the Romblon 
Island Group and across Panay Island in the Central Philip-
pines (McCabe et al. 1985; Yumul et al. 2003). Similar to 
arc-continent collision zone features in the Western Pacific 
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(e.g., Aitchison et al. 1995; Byrne and Liu 2002; Brown et 
al. 2006; Yumul et al. 2009), the Central Philippines con-
sists of distinct oceanic, continental and ophiolitic terranes 
(McCabe et al. 1985; Zamoras et al. 2008). In a collision-
related tectonic setting such as the Central Philippines, the 
geophysical signatures may include large positive gravity, 
resistivity and velocity anomalies for ophiolitic bodies and 
oceanic bathymetric highs and also lower gravity, resistivity 
and velocity anomalies from structures related to the colli-
sion (Hayes and Lewis 1984; Besana et al. 1997; Franco and 
Abbott 1999; Dimalanta and Yumul 2004).

The collision features are preserved in Northwest Panay, 
where the Buruanga Peninsula and the Antique Range ter-
ranes are located (Fig. 1). In the study area the Nabas Fault 
at the neck of the Buruanga Peninsula serves as the boundary 
between the two terranes (McCabe et al. 1982; Zamoras et 
al. 2008). However, no surface manifestation of this tectonic 
feature was observed since the fault zone is covered by al-
luvial deposits (Francisco 1956; Zamoras et al. 2008).

With this reality, it was believed that geophysical 
surveys can unravel things not readily recognized by field 
mapping. Geophysical techniques have proven useful in 
providing subsurface models, particularly when surface 
mapping alone is insufficient to provide a complete geo-
logical picture. Subsurface modeling is especially valuable 
in delineating subsurface features that may play important 
roles in the tectonic history of a region. The gravity method 
is one of the oldest geophysical tools (Telford 1976; Best 
and Boniwell 1989) that can provide an image of the sub-
surface structure and delineate the presence of significant 
features (Louis et al. 2002; Wang et al. 2005; Ganerød et 
al. 2006). The gravity method has been used to model the 
subsurface configuration of terrane boundaries (e.g., King 
and Barr 2004) and collision zones (e.g., Chi et al. 2003; 
White et al. 2005; Eaton and Darbyshire 2010). In addition 
to the gravity method, another useful geophysical method 
for detecting buried structures is shallow seismic refraction. 
Although larger-scale seismic refraction surveys with much 
deeper penetration capabilities are used to determine crustal 
structures in different tectonic settings, the shallow seismic 
refraction method can detect changes in the velocities of 
shallow subsurface materials and can map lower velocity 
features such as faults (Louis et al. 2002; Zhigulev and Pa-
trikeev 2007). The seismic refraction method was employed 
to confirm the presence of faults that were identified by geo-
logical mapping akin to what has been done in other similar-
ly-situated areas (Yan et al. 2005). The electrical resistivity 
method is also a useful geophysical method in the detec-
tion of structures (Suresh et al. 1992; Seaton and Burbey 
2002; Adepelumi et al. 2006). This method is usually paired 
alongside other geophysical methods to detect buried faults 
(Sharma and Baranwal 2005; Dutta et al. 2006).

The Central Philippines collision is one of the most 
investigated aspects of Philippine geology. However, very 

few studies focused on geophysical techniques to character-
ize the collision zone. Northwest Panay was investigated to 
identify collision features preserved in this area and look 
into the geophysical aspect of studying this significant colli-
sion event. This study employed the gravity method to iden-
tify larger-scale tectonic features in different tectonic set-
tings and provide a subsurface image of the area affected by 
the collision between the Palawan Micro-continental Block 
and the Philippine Mobile Belt. The seismic refraction and 
electrical resistivity methods were conducted to provide ad-
ditional geophysical constraints especially on the shallow 
subsurface structures of the Nabas Fault, the perceived ter-
rane boundary in Northwest Panay.

2. GEOLOGICAL SETTING

The Philippine archipelago is a complex island arc 
system located between the Philippine Sea Plate and the 
Sundaland-Eurasian Plate (Fig. 1). The western portion is 
bounded by the discontinuous east-dipping Manila-Negros-
Sulu-Cotabato trench system. To the east, it is bounded by 
the East Luzon Trough-Philippine Trench system (Taylor 
and Hayes 1980; Aurelio et al. 1991). The Pliocene Philip-
pine Fault Zone, a sinistral strike-slip fault, cuts across the 
archipelago to accommodate the lateral component of the 
oblique convergence between the Philippine Sea Plate and 
Philippine Mobile Belt (Barrier et al. 1991; Aurelio 2000). 
In the west-central portion of the archipelago, where North-
west Panay is located, features of the collision between the 
Palawan Micro-continental Block and the Philippine Mo-
bile Belt collision are preserved (Condie 1997; English and 
Johnston 2005; Yumul et al. 2005, 2009).

The Palawan Micro-continental Block is part of the 
Mesozoic East Asian accretionary complex that was rifted 
from the Eurasian Mainland and translated southeastward 
during the Oligocene opening of the South China Sea (Hol-
loway 1982; Hsu et al. 2004; Zamoras and Matsuoka 2004; 
Zamoras et al. 2008). This southeastward translation of the 
Palawan Micro-continental Block resulted in its collision 
with the Philippine Mobile Belt during the Miocene period 
(McCabe et al. 1985; Sarewitz and Karig 1986; Yumul et al. 
2003, 2005; Zamoras et al. 2008).

The study area is Northwest Panay, including Buru-
anga Peninsula and Antique Range, which is considered as 
the southeastern boundary of the Central Philippines colli-
sion (Rangin et al. 1989; Tamayo et al. 2001; Zamoras et al. 
2008; Yumul et al. 2009). Two distinct terranes comprise 
Northwest Panay: the Buruanga Peninsula and the northern 
part of the Antique Range (Mines and Geosciences Bureau 
2004; Zamoras et al. 2008; Gabo et al. 2009) (Fig. 2). The 
Buruanga Peninsula and the Antique Range were recog-
nized to be part of the Mindoro-Panay Disrupt terrane, a 
heterogeneous mixed terrane produced from the collision 
(McCabe et al. 1985).
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The Buruanga Peninsula dominantly consists of Middle 
to Late Jurassic chert-clastic-limestone sequences underlain 
by a basaltic basement and intruded by the Early Miocene 
Patria Quartz Diorite (Zamoras et al. 2008; Gabo et al. 2009) 
(Fig. 2). This lithology is characteristic of an oceanic plate 
stratigraphic sequence typically found in oceanic plates that 
are accumulating sediments while traveling to the subduc-
tion zone (Wakita and Metcalfe 2005). The thinly bedded, 
highly jointed and intensely folded chert sequences belong 
to the early Middle Jurassic Unidos Formation (Zamoras et 

al. 2008). This rock unit can be observed in the north-central 
portion of the peninsula. The apparent thickness of the forma-
tion is 1500 m. alternating with the Unidos Formation cherts, 
clastic rocks of the Saboncogon Formation. It is composed 
of siliceous mudstone and interbeds of terrigenous mudstone 
and sandstone. The siliceous mudstone serves as the base 
of the unit and conformably overlies the Middle Jurassic to 
early Late Jurassic Unidos Formation cherts (Zamoras et al. 
2008). Overlying the siliceous mudstone are interbeds of ter-
rigenous mudstone, shale and sandstone. The clastic rocks are 

Fig. 1. Tectonic setting of Central Philippines (modified from Yumul et al. 2005). Inset shows the Philippine archipelago with the boxed area showing 
the location of Central Philippines.

(a)

(b)

Fig. 2. Geology of the study area. (a) Geological map of Northwest Panay. The boxed area is the location of shallow seismic refraction and electrical 
resistivity surveys shown in Fig. 7a. (b) Cross-sections indicate the relationships of the rock formations. The profile A - A’ is used for the gravity 
profile in Fig. 5b.
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composed of lithic fragments, quartz, feldspars, clay and or-
ganic matter. Geochemical signatures of the sandstones sug-
gest a silicic source and a continental margin setting (Gabo 
et al. 2009). The approximate thickness of the formation 
is 1500 - 2000 m based on cross-sections. In the southern-
central portion of the Buruanga Peninsula the Gibon Forma-
tion limestone is intercalated with Unidos Formation cherts. 
The Gibon Formation is characterized by well-indurated to 
highly fractured pelagic limestone. This formation might 
be syndepositional with the early Middle Jurassic Unidos 
Formation based on the observed inter-tonguing relation-
ship observed in several areas. The Buruanga Metamorphics 
is a 2-km wide, southwest-northeast trending zone located 
at the boundary between the Unidos-Saboncogon Forma-
tions and the Gibon Formation. It consists of slate, phyllite 
and quartz-sericite schist. All the metamorphic rocks have 
a similar quartz, muscovite and biotite composition. In the 
south-central portion of the Buruanga Peninsula, the Patria 
Quartz Diorite intruded the Gibon Formation limestone. The 
Patria Quartz Diorite has an age of 20.8 ± 1 Ma from whole-
rock and 19.5 ± 1 Ma from biotite mineral separates (Rangin 
and Silver 1991). This age was confirmed by 40Ar/39Ar ages 
of 18.52 ± 0.06 and 18.71 ± 0.05 Ma from biotite separates 
(Walia et al. 2013). Small highly weathered basaltic rock ex-
posures are also present in the Buruanga Peninsula, although 
they are too small to be mappable. They are found uncon-
formably overlain by Unidos Formation cherts or Gibon 
Formation limestone in the southern portion of the peninsula 
neck. The observed basalt outcrops were highly chloritized, 
weathered and vegetated. The Buruanga Peninsula exhibits 
facies changes from an oceanic plate from a pelagic envi-
ronment (cherts of the Unidos Formation) traveling towards 
the subduction zone (siliceous mudstone of the Saboncogon 
Formation) to the continental margin (quartz-rich sandstone 
of the Saboncogon Formation) (Zamoras et al. 2008).

The portion of the Antique Range investigated in this 
study is composed of peridotites from the Late Cretaceous 
Antique Ophiolite Complex (Rangin et al. 1991; Tamayo 
et al. 2001), the volcanic and clastic rocks of the Fragante 
Formation and sedimentary rocks of the late Middle Mio-
cene Lagdo Formation (Fig. 2). The northeastern portion of 
the study area consists of ultramafic rocks from the Antique 
Ophiolite complex. The rocks are classified as serpentinized 
dunites, harzburgites and lherzolites. The ultramafic unit is 
thrust over the Lagdo Formation. The Antique Ophiolite 
Complex represents obducted oceanic crust emplaced in 
Panay Island during this Miocene collision (Tamayo et al. 
2001; Yumul et al. 2009). In the northwestern portion of 
the Antique Range is the Middle Miocene Fragante Forma-
tion (Zamoras et al. 2008). It is characterized by volcani-
clastic deposits and andesitic lava flow deposits overlain by 
conglomerates that are interbed with sandstone and minor 
patches of limestone. The geochemical signatures of volca-
nic rocks from the Fragante Formation suggests an origin 

from either two or more tectonic environments of varying 
origin, or a single tectonic environment that has undergone 
multiple and varying stages of magmatism (Gabo 2009). 
Some volcanic rocks from the Fragante Formation imply 
mid-oceanic ridge basalt (MORB) environment, but other 
samples indicate ocean island basalt (OIB) signature (Gabo 
2009). Overlying the volcanic deposits are alternating beds 
of conglomerate and sandstone. The conglomerate consists 
of pebble- to cobble-sized, subrounded to rounded clasts of 
chert, schist, limestone, andesite, and basalt in sand-sized 
matrix. The sandstone is classified as lithic greywacke to 
litharenites, being dominantly composed of lithic fragments 
with feldspar and occasional quartz. The sandstone geo-
chemistry indicates both mafic and silicic sources for the 
Fragante Formation (Gabo et al. 2009). The Fragante For-
mation limestone occurs as isolated hills in the central and 
southeastern parts of the formation. The estimated forma-
tion thickness is 200 m based on cross-sections. The late 
Middle Miocene Lagdo Formation is found in the eastern 
portion of the study area (Mines and Geosciences Bureau 
2004). This formation is composed of clastic rocks such as 
sandstone, conglomerate, mudstone and shale. The sand-
stone facies of the Lagdo Formation are characterized by 
alternating medium to thick beds of red and green medium-
grained lithic sandstone. Sandstone geochemical analysis 
suggests deposition in an oceanic island arc setting with a 
mafic provenance (Gabo et al. 2009). The sandstones are 
unconformably overlain by poorly sorted conglomerates 
consisting of peridotite clasts. Unconformably overlying 
the conglomerate are interbeds of mudstone, shale and sand-
stone. The sandstone is classified as a litharenite, consisting 
dominantly of lithic fragments, some feldspar and very little 
quartz. The average thickness of the formation is 500 m  
(Abadilla 1931). The Antique Range was identified as a part 
of the suture zone resulting from the Miocene collision of 
the Palawan Micro-continental Block and the Philippine 
Mobile Belt (Tamayo et al. 2001).

Found on both terranes are the Plio-Pleistocene sedi-
mentary units of the Libertad Formation (Zamoras et al. 
2008). In the Buruanga Peninsula, the formation occurs in 
the western portion, unconformably overlying the Sabon-
cogon Formation (Fig. 2). It is found capping the Fragante 
Formation in the Antique Range. The Libertad Formation 
is characterized by calcareous units composed of coral-
line limestone with an underlying minor unit of calcareous 
sandstone-mudstone. Based on cross-sections, the estimated 
thickness of the Libertad Formation is 150 m. This forma-
tion serves as sedimentary capping to both the Buruanga 
Peninsula and the Antique Range terranes. A more detailed 
discussion of the Northwest Panay geology is provided in 
Zamoras et al. (2008).

The Nabas Fault is a structure covered by alluvial de-
posits in the eastern boundary of the valley between the 
Buruanga Peninsula and the Antique Range (Fig. 2). The 
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Nabas Fault was first delineated based on differences in the 
age, rock types and geochemical composition of the sedi-
mentary packages found in the Buruanga Peninsula and the 
Antique Range (Zamoras et al. 2008; Gabo et al. 2009). It is 
considered the boundary between the two terranes (Zamo-
ras et al. 2008). A dominantly shallow (0 - 65 km) earth-
quake occurrence for the Nabas Fault (Fig. 3) is revealed 
by seismicity data collected by Ramos et al. (2005) from 
1907 - 2003 as recorded by the Southeast Asia Associa-
tion of Seismology and Earthquake Engineering (SEASEE) 
Bulletins and the Philippine Institute of Volcanology and 
Seismology database (PHIVOLCS). When the deeper crust 
is examined the number of earthquakes becomes sparser 

for Panay Island, similar to the case of Mindoro Island and 
the Romblon Island Group. The sparse earthquake events 
in the Central Philippines indicate that the Palawan Micro-
continental Block indentation to the Philippine Mobile Belt 
caused Manila Trench subduction termination in this re-
gion (Bautista et al. 2001). The lack of intermediate to deep 
hypocenters in the Central Philippines can be attributed to 
the more buoyant nature of the Palawan Micro-continental 
Block (Ramos et al. 2005). The focal mechanism solutions 
of more recent earthquakes display the maximum horizontal 
compressive stress orientations from the World Stress Map 
database (Heidbach et al. 2008) indicating thrust and strike-
slip motions for earthquakes near the study area (Fig. 4). 

Fig. 3. Seismicity data for the Central Philippines from Ramos et al. (2005) showing earthquake hypocenters from seismic events from 1907 - 2003.

Fig. 4. Focal mechanism solutions from past earthquakes in Northwest Panay (from World Stress Map database, Heidbach et al. 2008). The line 
marked C - C’ shows the location of the profile in Fig. 9.



Gabo et al.668

There are no solutions observed for the Nabas Fault, an indi-
cation that the structure is inactive. The Nabas Fault is con-
sidered an onshore segment of the once-continuous Manila 
Trench (Yumul et al. 2005; Zamoras et al. 2008). Following 
the Manila Trench trend, the Nabas Fault is interpreted to 
be an east-dipping, west-verging thrust fault (JICA-MMAJ 
1988; Zamoras et al. 2008).

3. GEOPHYSICAL METHODS
3.1 Gravity

The gravity method was employed in the study area to 
identify subsurface features that might provide constraints 
to the Northwest Panay geological setting. A Scintrex-
CG5 Autograv gravity meter (0.001 mGal resolution) was 
utilized to gather gravity data. The collected gravity data 
represents the local gravity values in Northwest Panay and 
not the absolute gravity values as determined by the Bureau 
Gravimetrique Internationale. The nearest reference station 
(Gravity station: 036981) was located in the old Iloilo City 
airport terminal building on Panay Island, 150 km away 
from the study area. The airport buildings were demolished 
and replaced with new infrastructure so the original location 
for the reference station could not be determined. The main 
base station used for this survey is the Provincial Engineer’s 
Office in Ibajay, Aklan (11°48’48.9”N, 122°09’10.8”E).

A grid anomaly map was originally planned for the 
study area. However, problems with accessibility limited 
the survey to roads and trails. There were 111 survey sta-
tions that were occupied at about one-kilometer intervals 
(Fig. 5a). Three gravity readings were taken for each survey 
station. The GPS location, time of measurement and topo-
graphic highs and lows were also noted. The elevation of 
each gravity station was determined using a micro-altime-
ter, calibrated using established benchmarks from the Phil-
ippine Department of Public Works and Highways. Base 
stations were reoccupied approximately every two hours to 
check for instrument drift. To provide additional modeling 
constraints, representative rock samples from each lithology 
were collected and their density values determined using the 
water displacement method.

The collected gravity data were subjected to several cor-
rections in order to remove the effects of factors other than 
the mass distribution in the Earth local to the survey area 
(Best and Boniwell 1989). These corrections included drift, 
terrane, latitude, free-air and Bouguer. The Geosoft Oasis 
Montaj program was used to process the collected gravity 
data and apply the necessary corrections. Drift correction 
was applied to remove the time-dependent variation effect in 
gravity readings. To account for this, base stations were pe-
riodically reoccupied and the differences in the reading val-
ues were linearly distributed. In selected areas with extreme 

(a)

(b)

Fig. 5. The gravity survey results. (a) Bouguer anomaly values for the gravity stations occupied in the Northwest Panay. (b) A profile of the Bou-
guer anomaly values extracted from the northern portion of the study area (profile A - A’ in Fig. 2) with the corresponding geological cross-section 
provided for comparison.
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topographic irregularities, terrane correction was calculated 
using a program OuterTC (2009), a traditional (freeware) 
terrane correction program utilizing Shuttle Radar Topogra-
phy Mission (SRTM) elevation data. The latitude and free-
air corrections were applied to produce the free-air anomaly. 
The Bouguer correction (t  = 2670 kg m-3) was in turn ap-
plied to the free-air anomaly to account for the topographic 
mass effect between the level of each gravity station and the 
mean sea level. The resulting Bouguer anomaly values were 
then gridded using the Kriging interpolation method, with a 
grid interval of 0.5 km. The Kriging technique was selected 
over other statistical procedures because it incorporates data 
spatial correlation (Largueche 2006). This method is com-
patible with close-range areas such as Northwest Panay. An-
other advantage of Kriging over other contouring techniques 
is its ability to quantify the estimation variance, which will 
help define the precision of the resulting estimates (Lar-
gueche 2006). The method used the limited data available 
to describe the real conditions as precisely as possible. The 
Bouguer anomaly map thus drawn for Northwest Panay is 
shown in Fig. 5a.

Forward gravity data modeling was conducted to cor-
relate the gravity signatures with the mapped lithologies, to 
produce a model of the subsurface and determine the con-
figuration of buried tectonic features. The Geosoft GM-SYS 
profile modeling software was used in forward modeling. Al-
though the nature of this method produces non-unique sub-
surface models, geological data from field mapping provided 
the constraint for the interpretation. Since the gravity survey 
points were limited to roads and trails due to accessibility 
problems in the mountainous regions, there were limited pro-
files that could be used for modeling. The E - W profile in 
the northern portion was chosen because the profile encoun-
tered almost all of the lithologies mapped in the area. A two-
dimensional gravity data model was prepared from the linear 
set-up. Polygons were created to represent the subsurface 
configuration based on the geological cross-section. Each 
polygon was assigned a corresponding density value based 
on existing literature density values and the measured values 
of representative rock samples. The polygon configuration 
produced a calculated gravity value. The polygons were ad-
justed until good correlation between the observed and calcu-
lated values was achieved. Considering the local extent of the 
gravity survey conducted, the depth of the model produced 
was constrained to a shallow (4 km) depth.

3.2 Seismic Refraction

Since the Nabas Fault was identified by geological data 
to be a buried structure underneath alluvial sediments, the 
study utilized the shallow seismic refraction method to help 
constrain the near-surface geophysical signature of the Na-
bas Fault.

Data were gathered using a PASI 12S12L seismo-

graph with a nominal penetration depth of 60 m. The sur-
vey spread orientation was made perpendicular to the Nabas 
Fault strike to detect any subsurface heterogeneity caused 
by the structure. Survey lines were located in relatively flat 
areas and as far as possible away from major roads that may 
become sources of geophysical noise (i.e., electrical lines, 
vehicles). The survey line locations were determined using 
a handheld Geographic Positioning System whereas the line 
orientations were taken using a Brunton-type compass. Each 
seismic spread consisted of geophones that were spaced five 
meters apart, which provided the greatest distance that can 
be covered by the instrument without sacrificing the resolu-
tion produced. A hammer striking a metal plate was used 
as the energy source for the survey. Stacking was applied 
by executing multiple strikes to increase the signal to noise 
ratio. Offset shots, end shots and center shots were fired at 
different portions of the seismic spread (Fig. 6a). The length 
of the seismic spread was increased by complex acquisition, 
where the center shot location of the former spread is used 
as the offset shot location of the subsequent spread, and so 
on. After each shot was fired the geophones detected the 
seismic signal from the subsurface and the arrival times of 
the returning waves were recorded in the seismograph.

Seismic refraction data filtering was applied to reduce 
the noise effects and increase the signal to noise ratio. De-
pending on the amount of background noise, either a high-
cut filter (588 Hz) or low-cut filter (58 Hz) was applied. The 
WGeosoft WinSism 10.4 software was used for data pro-
cessing. After filtering the first arrival times of the refracted 
waves were picked or selected (Fig. 6b). The first breaks 
were plotted as a function of the geophone and shot posi-
tions in the spread to produce a time-distance assembly. The 
intercept times calculated from the time-distance assembly 
were used to identify the number of layers present, to calcu-
late for the velocity of each layer and determine the depth 
and thickness of the layers. The final calculation output is a 
subsurface velocity profile.

3.3 Electrical Resistivity

The electrical resistivity method was employed to pro-
vide additional constraint for the geophysical investigation 
of the near-surface Nahas Fault geophysical signature. The 
survey sounding points were placed alongside the seismic 
refraction survey spreads to provide effective control on 
the geophysical data of the shallow subsurface (Fig. 7a). A 
Geometrics GEOTRADE-GTR3 resistivity meter was used 
to measure apparent resistivity values. The resistivity set-
up used the Schlumberger array, where a symmetrical dis-
tribution of the current (A and B) and potential (M and N) 
electrodes are set up about a central point (Milsom 1996). 
The distance between the current electrodes placed on the 
ground was increased as succeeding measurements were tak-
en. The spacing of the potential electrodes was adjusted less  
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(a)

(b)

(c)

Fig. 6. Seismic refraction acquisition and processing. (a) The field geometry of the seismic refraction survey used for the study. (b) Examples of the 
first arrival times of the refracted waves from the shots fired.

(a)

(b)

(c)

Fig. 7. Shallow seismic refraction and electrical resistivity survey results. (a) Location map of the shallow seismic refraction and electrical resistivity 
methods. The area represents the boxed part of Fig. 2a. (b) Results of the seismic survey in Northwest Panay. (c) Subsurface profile from apparent 
resistivity values of the Vertical electrical sounding (VES) stations.
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frequently. The distance between the electrodes was set far-
ther and farther apart as greater penetration depth was desired. 
For this survey, electrodes A and B were spaced to a maxi-
mum distance of 300 m to reach a penetration depth down to 
60 m. The current (I) from the source was introduced into the 
ground through the AB electrodes and the potential differ-
ence (V) resulting from the electrical resistivity variations in 
the subsurface passed through the MN electrodes, which was 
recorded by the resistivity meter (Table 1).

The Geosoft WinSev 6.1 interpretation software was 
utilized to generate a theoretical resistivity curve. Data pro-
cessing and inverse modeling techniques followed those of 
Armada et al. (2009). Inverse theoretical curve modeling 
yielded a vertical subsurface model for the sounding point 
(Vertical electrical sounding points, VES). Geologic map-
ping information was used to constrain the sounding model. 
The VES points were combined as a geoelectric section to as-
sess vertical as well as lateral changes in resistivity values.

4. RESULTS
4.1 Gravity

The resulting Bouguer anomaly map is shown in  
Fig. 5a. The Bouguer anomaly values in the Buruanga Penin-
sula, representing the oceanic plate stratigraphy, range from 
15 - 30 mGals. At the peninsular neck, where the Nabas 
Fault is located and alluvium deposits are thickest, values 
dropped rapidly from 16 down to -8 mGals in the northern 
portion, and 16 decreasing to -10 mGals in the southern por-
tion. Gravity values in the northwestern portion of the An-
tique Range are low due to the presence of thick alluvium 
deposits covering the identified fault structure. The highest 
gravity values in the Antique Range (0 - 8 mGals) correlate 
with the presence of ultramafic rocks in the northeastern 
portion (see also Fig. 2).

A W - E profile of the gravity anomalies at the north-
ern portion of the study area is extracted to further examine 
the results (Fig. 5b). The chosen profile transects the Nabas 
Fault and includes gravity stations from both the Buruanga 
Peninsula and the Antique Range. A corresponding geo-
logical cross-section is provided with the profile to identify 
the lithologies and structures associated with the Bouguer 
anomaly values. In general, the Buruanga Peninsula exhib-
its higher Bouguer anomaly values than the Antique Range 
does. On the western portion of the profile, high gravity 
anomalies are exhibited by the chert and sandstone units in 
the Buruanga Peninsula. The denser crystalline limestone 
unit exhibited higher gravity values than the surrounding 
chert unit. The gravity values significantly decrease to the 
east as the Buruanga Peninsula neck is approached. This 
sudden drop in gravity values is attributed to the presence of 
the Nabas Fault. In addition, the thick alluvium cover might 
have also contributed to the low gravity anomalies. East of 
the Nabas Fault a small peak can be observed in the area 

where Fragante Formation volcanic rocks outcrop, although 
their values are still lower than those for the Buruanga Pen-
insula. Another significant eastward decrease in the gravity 
anomaly values can be observed as an inferred thrust fault 
is encountered. Similar to the Nabas Fault, this structure is 
also covered by thick alluvium deposits. Immediately east 
of the structure are Lagdo Formation clastics, which display 
the lowest gravity values in the profile. The peridotite unit 
of the Antique Ophiolite Complex is thrust over the Lagdo 
Formation (Zamoras et al. 2008), and is consistently repre-
sented by a sudden increase in the gravity values toward the 
Antique Ophiolite Complex (see also Fig. 2).

4.2 Seismic Refraction

The seismic refraction survey results indicate a thick 
alluvium cover for the Nabas Fault (Fig. 7b). The usual sub-
surface profile identified from the results consists of two or 
three layers. The first layer from the surface is interpreted to 
be loose soil and has a velocity of about 400 - 600 m s-1, with 
a thickness less than 5 m. The second layer has a velocity of 
1500 - 3000 m s-1 and is 20 - 30 m in thickness. It is interpret-
ed as broken-up and highly eroded tuff, which is the lithology 
observed in nearby outcrops. The third layer, if detected by 
the seismograph, has a velocity greater than 3000 m s-1. It is 
suspected to be the top portion of the more consolidated tuff, 
although still suspected to be eroded. However, the third lay-
er is not usually shown in the resulting profiles because not 
all of the shots were able to detect the velocity of this bottom 
layer. The thickness of the third layer is unknown since the 
seismic survey penetration depth only reached down to 20 m 
or shallower from the surface. It is possible that this eroded 
volcanic rock layer extends deeper.

Aside from the velocity variation that occurs with depth, 
a lateral variation for the velocity values can also be observed, 
especially for the second layer. The highest velocity can be 
observed in the western survey spreads. In Spreads 1 and 2, the 
velocities for the second layer range from 2500 - 2800 m s-1.  
In the eastern portion, in Spread 3, the velocity of the second 
layer decreased to 1800 - 2000 m s-1. From the rapid change 
in velocity values, there is a high possibility that a structure 
gap is present between Spreads 2 and 3. Moving to the east, 
this lower velocity for Spread 3 was maintained until the 
200-m mark, where the velocity suddenly dropped to about  
500 - 800 m s-1. These abrupt decreases in velocity are as-
sumed to be caused by the presence of the Nabas Fault and 
inferred subsurface faults in the area. The geophysical signa-
ture of the Nabas Fault appears as a zone of lower velocity 
values starting from the area between Spread 1 and 2, drop-
ping abruptly again at the 200-m mark in Spread 3 and con-
tinuing to decrease to the eastern portion (500 - 1000 m s-1). 
Lower velocity values could be attributed to the more frac-
tured and shattered properties of fault planes compared to the 
surrounding area (Yan et al. 2005; Zhigulev and Patrikeev 
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2007). The seismic refraction survey was able to detect the 
presence of the Nabas Fault on the shallow subsurface. Its 
geophysical signature is manifested as an area with signifi-
cantly lower velocity values compared to the western portion 
of the study area.

4.3 Electrical Resistivity

The electrical resistivity survey results indicate two to 
three subsurface layers for the study area, similar to the seis-
mic refraction survey results (Fig. 7c). The first layer from the 
surface has resistivity values ranging from 5 - 15 Ω-m. The 
thickness of this layer varies from 3 - 10 m. This layer repre-
sents the loose soil similarly identified in the seismic refrac-
tion survey, with the lowest velocity values at 400 - 600 m s-1.  
The second layer has resistivity values of 20 - 60 Ω-m, show-
ing variable thickness from 20 m up to more than 40 m. This 
layer corresponds to the second layer in the seismic refrac-
tion survey interpreted to be highly eroded tuff. Similar to the 
seismic refraction survey results, significant lateral variations 
exist in the resistivity data. The third layer is prominent in 
the western portion (VES 1 and 2) and consists of resistivity 
values as high as 125 - 186 Ω-m. To the east of VES 2, an 
abrupt drop in resistivity values was encountered when the 
resistivity values decreased to about 10 - 32 Ω-m. In the seis-
mic refraction results this could be correlated to the change 
in velocity values between Spread 2 to 3 where the location 
of the Nabas Fault is postulated. From VES 3 to 7, resistiv-
ity values for the second layer are much lower, ranging from 
32 - 60 Ω-m. Another drop in resistivity measurements oc-
curred in VES 8, where the resistivity value of the second 
layer dropped to 22 Ω-m. This significant change in resistiv-
ity values (VES 8) again coincides with the velocity differ-
ence observed in the seismic refraction profile (a distance of 
200 m in Spread 3). The extreme drops in resistivity values 
suggest the presence of a fault, since the fractured nature of 
the rocks will result in fluid streaming within the structure 
(Sharma and Baranwal 2005). East of VES 8, the resistivity 
values are significantly lower (6 - 45 Ω-m) compared with 

the western portion. These results are also consistent with 
the seismic refraction survey. The Nabas Fault was identified 
by the electrical resistivity investigation as a zone of low re-
sistivity values, especially when compared with the western 
portion of the area investigated.

5. DISCUSSION
5.1 Subsurface Imaging of a Terrane Boundary: Clues 

from the Gravity Data

The gravity method was employed to define the sub-
surface configuration of Northwest Panay. To accomplish 
this, forward modeling of the Bouguer anomaly data was 
carried out from the E - W profile in the northern portion 
(Fig. 8). Several possible scenarios were taken into account 
during forward modeling to try and explain the higher grav-
ity values from the Buruanga Peninsula than those from the 
Antique Range. One possibility for the higher gravity values 
is the older age of the rocks of the Buruanga Peninsula. As 
sedimentary rocks become older, their densities also sig-
nificantly increase, especially when compared with much 
younger sedimentary rocks. The Mesozoic Buruanga Penin-
sula chert-clastic sequence is possibly denser than the Mid-
dle Miocene clastic rocks of the Fragante and Lagdo Forma-
tions. However, density measurements for the rock samples 
in the study area do not show a significant density differ-
ence with each other. The average densities of the Jurassic 
chert (2200 kg m-3), limestone (2400 kg m-3), and sandstone  
(2400 kg m-3) from the Buruanga Peninsula are not so differ-
ent from the average density values of the Miocene volcani-
clastic rocks (2500 kg m-3) and clastic rocks (2100 kg m-3) 
of the Antique Range. Another possible explanation consid-
ered in modeling was the presence of a basaltic basement 
for the Buruanga Peninsula, consistent with an oceanic plate 
stratigraphic sequence. When this was applied to the model, 
good correlation between the observed and calculated Bou-
guer anomaly values was achieved. The resulting model in-
dicates that the alluvium deposits in Northwest Panay are 
significantly thick (about 100 m or more), especially in the 

Fig. 8. Optimum forward modeling gravity data results.
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valley where the Nabas Fault is located. The Nabas Fault is 
modeled to be a thrust fault buried beneath thick alluvium 
deposits. The Antique Range basement is thrust over the 
Buruanga Peninsula oceanic plate stratigraphic sequence. 
The Nabas Fault therefore serves as the terrane boundary 
for the Buruanga Peninsula and the Antique Range. For the 
Buruanga Peninsula the chert-clastic-limestone sequence 
becomes thicker from west to east as the thrust structure is 
approached. This is consistent with the accretion of sedi-
ments toward the terrane boundary, when the collision be-
tween the Palawan Micro-continental Block and the Philip-
pine Mobile Belt occurred (Zamoras et al. 2008).

In the eastern portion, the sudden increase in gravity 
values is interpreted as another fault, wherein the peridotites 
of the Antique Ophiolite thrust over the clastic units of the 
Lagdo Formation. The forward modeling results delineated 
structures related to the collision event.

Available regional gravity anomaly maps were exam-
ined for regional comparison. The gravity values from the 
Bouguer anomaly map of the Philippines (Sonido 1981) indi-
cate that the Buruanga Peninsula and the central northern por-
tion of Panay exhibit relatively higher values (≥ 100 mGals) 
when compared to the Antique Range (50 - 100 mGals) and 
rest of Panay island (≤ 50 mGals). The free-air anomaly pro-
file at latitude 11.78°N derived from data by Sandwell and 
Smith (1997) reveals the regional gravity signature across 
the Central Philippines (Fig. 9a). The profile shows that the 
free-air anomaly values for the Northwest Panay is gener-
ally lower compared to those of the surrounding areas. In 
general, the free-air values in offshore areas exhibit a direct 
correlation with the bathymetry and topography values ex-
tracted from the same data set (Fig. 9b), except in the vicin-
ity of onshore areas traversed by the profile. In Northwest 
Panay the free-air values exhibit a decreasing trend in the 
area where the Nabas Fault is inferred to be located. In the 
Northwest Panay onshore area free-air anomaly values are 
about 25 mGals but gently decrease at longitude 122.0°E, ap-
proaching the boundary between the Buruanga Peninsula and 

Antique Range. The free-air anomaly values again exhibit a 
positive slope from 122.0°E to the east, corresponding to the 
Antique Range, with values ranging from 25 - 50 mGals. The 
changes in topographic relief in Northwest Panay caused by 
tectonic structures may account for the variations in the free-
air anomaly values for the study area.

The gravity values on Palawan Island are also com-
pared with the results of this study. Palawan Island is con-
sidered part of the Palawan Micro-continental Block to-
gether with the Buruanga Peninsula. The northern portion 
of Palawan, including the Calamian Island Group, consists 
of an oceanic plate stratigraphy similar to that of Buruanga 
Peninsula (Zamoras and Matsuoka 2001; Zamoras et al. 
2008). The Bouguer anomaly values in Northwest Panay 
appear to have lower values than the anomaly values for 
Palawan Island (Milsom et al. 2009). In Palawan the region-
al Bouguer anomaly values range from 50 - 100 mGals, with 
some inaccessible areas postulated to have values of around  
20 mGals. The gravity values in Palawan decrease from 
SE to NW, with the higher values associated with ophiolite 
bodies. Unfortunately, no gravity stations were established 
on Busuanga Island north of Palawan, where the oceanic 
plate stratigraphic sequence similar to that of the Buruanga 
Peninsula is located. Comparing values is therefore not pos-
sible. Similar to Northwest Panay, a significant decrease in 
Bouguer gravity values occurs in the center of Palawan Is-
land, indicating the location of the Ulugan Bay Fault (Mil-
som et al. 2009). However, Bouguer anomaly values are 
very similar to those east and west of the Ulugan Bay Fault. 
The Ulugan Bay Fault is therefore not considered a bound-
ary between the North and South Palawan Blocks (Milsom 
et al. 2009). Unlike the Ulugan Bay Fault the Nabas Fault 
could be considered a terrane boundary between the Bu-
ruanga Peninsula and the Antique Range because gravity 
values to the east and west of the Nabas Fault are unique to 
each other. For Northwest Panay, the gravity method con-
tributed significantly in providing an image of the subsur-
face terrane boundary affected by the collision.

(a) (b)

Fig. 9. Regional free-air anomaly profile and bathymetry data at 11.78°N. (a) A free-air anomaly profile across Central Philippines extracted from 
the gravity data of Sandwell and Smith (1997). Location of the profile is marked as C - C’ in Fig. 4. (b) Bathymetry and topography data profiles at 
the same location, extracted from the same data set.
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5.2 Near-Surface Characterization of the Nabas Fault 
from Seismic Refraction and Electrical Resistivity

The Nabas Fault was identified by geologic investiga-
tion and gravity survey as a buried structure beneath alluvial 
sediments. The shallow-penetration seismic refraction and 
electrical resistivity methods were utilized to identify the 
near-surface geophysical signature of the Nabas Fault. The 
two geophysical methods were placed alongside each other 
to constrain the interpretation for both methods.

The seismic refraction survey results coincided with 
the electrical resistivity survey in identifying three layers 
for the area investigated. The first layer was interpreted to 
be loose soil that is 3 - 10 m thick based on the low veloc-
ity and resistivity values. The second layer was inferred as 
eroded tuff whereas the third layer was identified as the up-
per portions of a more consolidated tuff layer, although still 
eroded. These layers represent the thick alluvium deposits 
identified in the area. The presence of the Nabas Fault may 
have enhanced area erosion, producing a thick alluvium de-
posit and resulting in burial of the structure. Both methods 
also exhibit lateral variations in values from west to east. 
A significant decrease in velocity values occurred in the 
general area where a sudden drop in resistivity values was 
also detected. These properties are indicative of the subsur-
face structure and they occur in the inferred location of the 
Nabas Fault. In addition, the velocity and resistivity values 
east of the Nabas Fault were much lower compared to those 
for the western portion. The significantly lower geophysical 
values in the western portion represent the near-surface geo-
physical signature of a structure relating to the Nabas Fault. 
The seismic refraction method results, although with very 
shallow penetration, point to the presence of a structure. 
The seismic refraction survey results also coincided with 
the electrical resistivity method. Both the seismic refraction 
and electrical resistivity methods identified the Nabas Fault 
buried beneath the thick alluvium deposits, complementing 
the gravity modeling results.

6. CONCLUSIONS

This study employed geophysical methods to investi-
gate Northwest Panay, a terrane boundary representing the 
Palawan Micro-continental Block collision with the Philip-
pine Mobile Belt. The gravity survey defined the subsurface 
configuration of this terrane boundary that separates the Bu-
ruanga Peninsula from the Antique Range. It showed the 
correlation of Bouguer anomaly values to the mapped lith-
ologies, providing a model for the subsurface. The resulting 
model indicates the presence of a basaltic basement for the 
Buruanga Peninsula, which is consistent with the oceanic 
plate stratigraphic sequence identified for this terrane. The 
results also characterized major structures in Northwest 
Panay. The Nabas Fault was identified as an east-dipping 

thrust fault that serves as the terrane boundary between the 
Buruanga Peninsula and the Antique Range. Additionally, 
the seismic refraction and electrical resistivity surveys pro-
vided near-surface geophysical characterization for the Na-
bas Fault. The two shallow-penetration methods were able 
to detect and confirm the Nabas Fault signature buried be-
neath alluvial sediments.

This study utilized geophysical tools to constrain the 
subsurface image of a terrane boundary affected by arc-con-
tinent collision. The results from this study will hopefully 
contribute to the current understanding of subduction-colli-
sion processes, especially those involving continent-island 
arc interactions.
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