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Abstract. Multiple edge detectors (ED) are tested and applied to the gravity
anomalies from the Manila Trench region. This work evaluated which ED most
effectively images deformation features recently delineated in the region. Several
EDs applied to the Bouguer anomalies were able to image a major strike-slip fault
zone known as the West Luzon Shear Zone. The theta map of the residual Bouguer
anomalies displayed sharp linear features, enabling the measurement of offsets
from potential offshore splays of the Philippine Zone. Additionally, a stacked
maxima heat map was created by combining ED maps, which relied on the maxima
to further enhance the detection of the edge of a causative body or a linear feature.

1. Introduction

Potential fields, such as the Earth’s gravitational and magnetic fields, are created by forces acting
at specific points on Earth at any given time [1]. Gravity and magnetic surveys are usually
conducted to measure spatial variations in these fields caused by changes in density and magnetic
susceptibility at the Earth’s surface. Analyzing gravity and magnetic anomalies is crucial in
understanding subsurface features, including the location, geometry, and depths of the causative
bodies or sources [2].

Gravity and magnetic fields are vector fields that represent forces acting at any point on the
Earth's surface and are described in the X%, y, and z directions [3], [4]. Filters or mathematical
operators can be applied to the vector fields to enhance the fields in specific desired directions,
making them suitable for delineating subsurface features or tracing linear features [5], [6], [7],
[8].

Recent advancements in processing potential field data have concentrated on utilizing edge
detection techniques for gravity and magnetic data. The earliest attempts to delineate the
horizontal edges of these bodies led to the development of horizontal derivatives [3], [9], [10].
The techniques have progressed from simple horizontal or vertical derivatives to more
sophisticated methods such as using the tilt angle or tilt derivatives, as well as mixed-class edge
detectors like total horizontal gradient, horizontal derivative of the tilt derivative, theta map or
tilt angle of the horizontal gradient, among others. As a result, various edge detection filters and
techniques have been described in recent works.

Several authors have attempted to review the various filters proposed in numerous
publications. In a study by Liu and others [11], more than 20 edge detection methods were
evaluated and classified into derivative-based, phase- or ratio-based, and statistical or sliding
window-based methods. Sequential methods, like the vertical derivative of the total horizontal
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derivative (THDR_VDR), rely on two or more derivative-based techniques. Ratio-based edge
detectors, such as the theta map (TM) and normalized total horizontal derivative (TDX), are filters
based on peaking normalization. Mixed class methods, such as the tilt angle of the horizontal
gradient (TAHG), involve the application of both sequential and ratio class filters [11]. The study
revealed differences in the resolution and reliability of the tested edge detectors and proposed
using mixed-class edge detection filters for more effective results. Another review of edge
detectors was carried out by [2]. They conducted a comprehensive review of more than 50 edge
detection filters and proposed refinements in the mathematical applications and attributions of
each edge detector.

This work examines several edge detection techniques applied to gravity data to assess their
ability to reveal structural features like faults. The study evaluates and compares these filters'
effectiveness in imaging faults previously mapped in the northern Manila Trench forearc region.

2. Manila Trench forearc region

n7.0E 1200

Legend
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Figure 1. (a) The Philippine archipelago is bound on both sides by subduction zones. It is also
bisected from northwest to southeast by the main trace of the Philippine Fault Zone (red lines).
(b) Offshore splays of the Philippine Fault Zone (red dashed lines) were previously delineated
using gravity data (modified from [12]). The trace of the West Luzon Shear Zone is modified from
[13].

The convergence between the Eurasian Plate and the Philippine Sea Plate produced subduction
zones on either side of the Philippine archipelago. Shear partitioning from this collision also
formed the nearly 1200-km-long Philippine Fault Zone that extends from the northwestern tip of
Luzon Island to the southwestern end of Mindanao Island [14]. The Manila Trench, situated west
of Luzon Island, is one of the subduction zones resulting from the convergence (Figure 1a).
Additionally, this convergence led to the formation of various geological features in the forearc
region, including a well-formed accretionary prism, forearc basins, and volcanic arcs [15], [16],
[17]. Deformation features have also been documented within the Manila Trench forearc region
(Figure 1b). Karig [13] and Hayes and Lewis [16] delineated offshore faults such as the West
Luzon Shear Zone, a significant left-lateral strike-slip deformation characterized by a positive
free-air gravity anomaly. Moreover, they reported several northwest-trending offshore splays of
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the Philippine Fault. These are believed to have influenced the orientation of large submarine
canyons, particularly in the northern portion of the Manila Trench forearc region (Figure 1b). A
recent Armada and others [17] study reported that the Manila Trench forearc region is
experiencing heterogeneous deformation along its length. They observed convergent
deformation features and shearing in the southernmost parts of the forearc region, but these
features were not observed in the northern forearc region. Maglalang and others [12] recently
analyzed gravity data from the northern segment of the Manila Trench forearc region where the
Bouguer anomaly map shows a nearly north-south arcuate belt of intermediate anomalies (~170
mGal) extending west of the Zambales Ophiolite and northward to the Ilocos region (Figure 2a).
This belt is more prominent in the residual Bouguer anomaly map and is believed to coincide with
the West Luzon Shear Zone previously reported by several authors (Figure 2b). This structure is
interpreted as a major left-lateral strike-slip fault that translated ophiolitic blocks from the
Zambales Ophiolite Complex to the Ilocos Norte region. Displacements or offsets in the residual
Bouguer anomalies and tilt derivatives were used to trace several strike-slip faults within the
region (Figure 1b).

3.Data and methods

A s

-

T

Figure 2. (a) Bouguer anomaly map for the Manila Trench forearc region. An arcuate belt of
intermediate Bouguer anomalies is observed west of Luzon Island. The dashed line delineates the
West Luzon Shear Zone [16]. (b) Tilt derivative of the Bouguer anomaly map showing the arcuate
belt as a more prominent zone of high anomalies (red-pink anomalies). Offsets in the TD
anomalies are used to delineate possible offshore strike-slip faults (dotted lines) (modified from

[12]).
The Bouguer anomaly data for the Manila Trench region was obtained from the Bureau
Gravimétrique International (BGI) (https://bgi.obs-mip.fr/grids-and-models-2/). The BGI
calculated the Bouguer anomalies from the Earth Gravitational Model (EGM2008) using the
FA2BOUG code developed by [18]. The Bouguer anomalies were gridded and visualized using the
Oasis Montaj software (Figure 2a). The radially averaged power spectrum (RAPS) of the Bouguer
anomaly was calculated to determine the depths where deep (regional) and shallow (residual)
bodies occur. An upward continuation filter was then applied to obtain the regional Bouguer
anomaly. The regional Bouguer anomaly was subtracted from the Bouguer anomaly to remove
the effects of deep sources and retain the signals of shallow features. The resulting anomalies
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were used to generate the residual Bouguer anomaly map, which depicts bodies at depths of 2.5
km (Figure 2b).

For this work, both the Bouguer and residual Bouguer anomalies were subjected to
enhancements. These include standard edge detection techniques such as directional derivatives
(X, Y, and Z), tilt derivatives, analytic signals (AS), and horizontal gradients. Table 1 summarizes

Table 1. Equations for the standard edge detection methods and their interpretation.

Edge detection method Equation Interpretation of
anomaly
1st order horizontal G\2 /G2 maxima = source edge
derivative (FHD) [19] FHD = <6_) + (6_) or linear feature
X y

3G 3G .
where p and % are the horizontal

derivatives of the gravity field (G) in the x
and y directions.

1st vertical derivative VDR = a_G zero = source edge or
(VDR) [20] T 0z linear feature
Total horizontal derivative 9CN\2 0G\2 maxima = source edge
(THDR) [21] THDR = (—) + (—) or linear feature
dx dy

Tilt derivative (TDR) [22] D = tan-1 ( VDR ) zero = source edge or

THDR linear feature
Total Horizontal Derivative OTD\2 9T D2 maxima = source edge
of the Tilt Derivative (TDR TDRTHDR = (6—) + (6—) or linear feature
THDR) [23] x Y

the directional derivative filters applied to gravity data and the interpretation of the resulting
anomalies, i.e., whether the maxima or zero anomalies define a linear feature or the edge of the
source or causative body.

Edge detectors such as the VDR and TDR have performed well in imaging shallow sources
with substantial density contrasts [24], [25]. Generally, mixed-class filters have performed better
than the other two classes. The TAHG filter was found to produce fewer false edges [26]. Ratio
and normalization classes were also advantageous since the signals between the deep and
shallow sources were more balanced.

Several combination filters were also tested in this work, such as the total horizontal
derivative of the tilt derivative, normalized total horizontal derivative (TDX), vertical derivative
of the total horizontal derivative (THDR_VDR), theta map (TM), and tilt angle of the horizontal
gradient (TAHG) filters (Table 2).
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Table 2. Combination of edge detection methods tested and their classification.

Edge detection Equation Classification
method
Vertical derivative of OTHDR Sequential
the total horizontal THDR VDR = 0z combination
derivative (THDR_VDR)
[27]
Theta Map (TM) [28] __ THDR Ratio-based
c0s0 = ——
AS
Normalized Total R (TH DR) Ratio-based
Horizontal Derivative TDX = tan |VDR)|
(TDX) [24]
Tilt angle of the / \ Mixed class
horizontal gradient dTHDR
(TAHG) [26] TAHG = tan-1| 9z I
(6THDR)2 N (aTHDR)Z
dx dy

Moreover, after applying the enhancements, we proposed generating a stacked maxima heat
map. A heat map is usually generated to visualize point density or the areas with the most point
features [29]. This is commonly used in Geographic Information System (GIS) where several
raster maps are stacked on top of each other to produce susceptibility maps. Following this
principle, we applied this technique to edge detectors to reduce random signals, enhan ce features
consistent across individual filters, and produce clearer images. The edge detectors yield a
corresponding value depending on the gradient of the gravity anomaly at a particular location
(e.g., mGal/m for THDR). The enhanced maps were combined or stacked together to highlight the
maxima or large gravity changes which may indicate the edge of a causative body or a linear
feature. In stacking the enhanced maps, the output Geosoft grid files were converted to a Surfer 7
grid file to produce a single-color band using the grid features of Oasis Montaj. The converted grid
files were loaded into the QGIS software. Using the raster calculator function, all the enhanced
maps using maxima were added together to create the stacked maxima heat map.

4. Results and discussion

In a previous study of gravity data from the Manila Trench forearc region, Maglalang and others
[12] identified a prominent arcuate belt of gravity anomalies west of Luzon Island (Figures 2a
and 2b). This was interpreted to define the West Luzon Shear Zone, a major strike-slip fault
associated with translating blocks from the Zambales Ophiolite northward to the Ilocos region
[12]. In addition, five strike-slip faults were delineated based on the observed displacements in
the belt of high gravity anomalies (Figure 2b). These displacements suggest the presence of left-
lateral strike-slip faults, which are interpreted to be potential offshore extensions of the
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Philippine Fault Zone. This study employed different edge detection methods to identify the best
filter for accurately visualizing the offsets or displacements in the delineated faults. These edge
detection methods were applied to both Bouguer anomalies and residual Bouguer anomalies, and
we discuss the differences in the derivative maps generated from these methods.

Figures 3a to 3j present the different maps of the Bouguer anomaly enhanced using various
filters. The belt of high Bouguer anomalies west of Luzon Island is observed in the directional
derivative maps, such as the first-order horizontal X (FHDx), first-order vertical derivative
(1VDR) and tilt derivative maps (Figures 3a, 3c and 3e). Combinations of enhancement methods
were also applied. The arcuate belt is clearly shown in the TDX, theta map, TAHG, and THDR_VDR
(Figures 3g-3j). However, due to its primarily north-south trend, the first-order horizontal Y
derivative map cannot cohesively resolve the belt (Figure 3b). The THDR filter, which combines
the X and Y horizontal derivatives, shows differences in the amplitude of the maxima that defines
the arcuate belt west of Luzon Island. The arcuate belt is less distinctly imaged in the THDR map,
as zones of maxima are also seen east of the arcuate belt closer to the western part of Luzon Island
(Figure 3d). The TDR THDR was proposed by Fairhead and others [23] to enhance magnetic data
since it is not affected by the inclination ofthe magnetic field. This filter was applied to the gravity
data from the Manila Trench region to see how the filter performs. However, the resulting TDR
THDR did not yield a clear or cohesive image of the arcuate belt (Figure 3f).

Figure 3. Edge detection enhancements applied to Bouguer anomalies - (a) first order horizontal x
derivative (FHDx), (b) first order horizontal y derivative (FHDy), (c) first order vertical derivative
(1VDR), (d) total horizontal derivative (THDR), (e) tilt derivative (TD), (f) total horizontal
derivative of the tilt derivative (TDR THDR), (g) normalized total horizontal derivative (TDX), (h)
theta map (TM), (i) tilt angle of the horizontal gradient (TAHG) and (j) vertical derivative of the
THDR (THDR_VDR).

The same enhancements or edge detectors were applied to the residual Bouguer anomalies.
The arcuate belt west of Luzon can be more clearly traced in the FHDx, 1VDR, THDR, TD, TDX, and
TM (Figures 4a, 4c, 4d, 4e, 4g, and 4h). It can be observed that the arcuate belt is narrower than
the belt imaged in the enhanced Bouguer anomaly maps, suggesting a more precise delineation



ICGOES-2024 IOP Publishing
IOP Conf. Series: Earth and Environmental Science 1517 (2025) 012017 doi:10.1088/1755-1315/1517/1/012017

of the structural feature. Although the arcuate belt is still visible in the TAHG and THDR_VDR
maps (Figures 4i and 4j), the derivatives are not as sharp as those observed in the same
enhancements applied to the Bouguer anomalies (Figures 3i and 3j). Some authors have reported
the low resolution of source edges to be a limitation of the TAHG [30]. The diffuse anomalies
observed in the TDR_THDR show that this filter is also not as effective in outlining the edges of
the arcuate belt delineated in the other maps (Figure 4f).

Figure 4. Edge detection enhancements applied to residual Bouguer anomalies - - (a) first order
horizontal x derivative (FHDx), (b) first order horizontal y derivative (FHDy), (c) first order
vertical derivative (1VDR), (d) total horizontal derivative (THDR), (e) tiltderivative (TD), (f) total
horizontal derivative of the tilt derivative (TDR THDR), (g) normalized total horizontal derivative
(TDX), (h) theta map (TM), (i) tilt angle of the horizontal gradient (TAHG) and (j) vertical
derivative of the THDR (THDR_VDR).

The edge detectors were also evaluated to determine whether these will allow the
measurement of the offsets or displacements in the possible offshore splays of the Philippine
Fault Zone previously reported by Maglalang and others [12] (Figure 2b). These discontinuities
in the arcuate belt of gravity anomalies caused by the offshore splays are best observed in the
enhancements of the Bouguer anomalies, such as the THDR, TD, TDX, TAHG, and THDR_VDR of
the Bouguer anomalies (Figures 3d, 3e, 3g, 3i and 3j). The maxima in the enhanced maps show
step-like signatures suggesting offsets or displacements from their original position.

Furthermore, the offsets are more visible in the enhanced residual Bouguer anomaly maps
such as TD, TDX, theta map, TAHG, and THDR_VDR. The offsets in the proposed offshore splays
can be best estimated in the theta map (Figure 4h).

In the stacked maxima heat map of the enhanced Bouguer anomalies (Figures 5a and 5b), the
step-like signatures indicating displacements are prominently displayed in red. This suggests that
these areas appear as maxima in the different enhanced maps. The displacements vary from
around 12 kilometers for Splay 3 to approximately 8 kilometers for Splay 4 (Figure 5b).
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The generated stacked maxima heat map precisely defines the trace of the West Luzon Shear
Zone. This coincides with the edge of the bathymetry high, suggesting that the West Luzon Shear
Zone is a linear and narrow feature, different from the delineated zone in Figure 2. Additionally,
our results can be validated since the anomalies from the stacked map can delineate the nearly
north-south onshore trace of the Philippine Fault Zone in the Ilocos region (Figure 1b).

Figure 5. (left) Stacked maxima heat map of the Bouguer anomalies. (right) Zoomed in view of the
displacements in the maxima, which are used to delineate the possible offshore splays of the
Philippine Fault (dotted lines). The horizontal displacements are measured from each end of the
displaced segment of the maxima. Lateral offsets are shown for Splay 3 (12 km) and Splay 4 (8
km).

5. Conclusions

Several available edge detectors were applied to gravity data from the Manila Trench forearc
region. Among the enhancements applied to the Bouguer anomalies, the FHDx, 1VDR, TD, TDX,
TM, TAHG, and THDR_VDR maps imaged the arcuate belt west of Luzon Island. However, the
arcuate belt was narrower and sharper in the TD and TDX maps. The TD, TDX, and TM filters of
the residual Bouguer anomalies produced sharp edges that delimit the arcuate belt. In addition,
stacking the enhancement results further refined the identified boundary by providing a more
precise image. This method enhances signals consistent across individual filters while minimizing
random features, resulting in sharper linear features. The TM of the residual Bouguer anomalies
allowed estimates of the displacements observed in the offshore splays of the Philippine Fault
Zone. Offsets are estimated to range from ~5 to 30 kilometers from the southern splay to the
northern splay.
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