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Abstract: Edge detection represents a critical task in potential field data interpretation and is extensively utilized for detecting faults,
contacts, and other linear geological structures. However, conventional methods are constrained by several limitations, including
inadequate balancing of signals with varying amplitude intensities, dispersed detection results, and insufficient suppression of spurious
signals. To overcome these challenges, we propose an improved edge detection method, designated as the hyperbolic tangent (TANH)
function with Gaussian envelope constraints on the total gradient modulus tilt angle (THASTG). The THASTG method is formally defined
as a tilt angle approach based on the total gradient modulus, incorporating dual constraints through a Gaussian envelope and a TANH
function. We initially conducted comparative analyses between the THASTG and established methods by using complex models
simulating three distinct geological scenarios, thereby validating the feasibility of the methodology. Subsequent application to real
gravity data from the South China Sea region demonstrated that compared with conventional techniques, THASTG yields enhanced
structural detail, improved boundary resolution, and superior noise suppression. This method effectively suppresses noise interference
and successfully avoids the introduction of spurious boundaries while maintaining consistency with previously documented major
tectonic features. This study provides high-resolution structural constraints for the South China Sea region, delineates the offshore
extension of the Red River Fault system, and accurately maps the continent-ocean boundary configuration. Our results demonstrate that
the proposed methodology provides an effective tool for precise structural characterization and in-depth analysis of geodynamic

evolution processes.
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1. Introduction

Gravity field edge detection is a primary task in gravity data inter-
pretation and is used to identify the boundaries of subsurface
geological structures. This technique leverages density contrasts
between different geological bodies or structural elements to
enhance characteristic variations in the gravity field caused by
these differences, thereby enabling precise delineation of lateral
structural changes. Owing to its high processing efficiency and
sensitivity to boundary responses, gravity edge detection has
become an important tool for identifying fault structures, analyzing
basin boundaries, and studying deep geological features. It
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provides critical evidence for revealing regional geological frame-
works and dynamic processes (Paterson and Reeves, 1985; Xue ZX
etal., 2021).

Conventional edge detection methods are primarily based on
transformations of the gravity field and its derivatives. Techniques
such as the vertical derivative, total horizontal derivative, and
analytic signal amplitude have been widely employed to delineate
source boundaries and serve as common tools for interpreting
density contacts (Cordell, 1979; Cordell and Grauch, 1982; Roest et
al., 1992). Subsequent developments, such as the tilt angle
method (Miller and Singh, 1994), further improved the accuracy of
edge localization and significantly enhanced the balanced detec-
tion of anomalies with varying amplitudes. However, these
conventional approaches exhibit notable limitations when dealing
with multisource superimposed fields or geological bodies at
different depths, often failing to clearly resolve both shallow and
deep structural boundaries simultaneously and remaining suscep-
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tible to noise (Beiki, 2010; Yuan Y et al., 2016). To address these
shortcomings, a series of phase-based methods have been devel-
oped, including the tilt angle of the total horizontal derivative
(Verduzco et al., 2004), the theta map (Wijns et al., 2005), and the
normalized horizontal tilt angle (Cooper and Cowan, 2006). These
methods achieve a more balanced recognition of strong and
weak anomalies to some extent; however, they remain prone to
spurious boundaries and noise interference (Eldosouky et al.,
2020). In recent years, the performance of edge detection has
been further improved through the use of strategies such as
higher order derivatives, image processing techniques, and algo-
rithms incorporating activation functions (Sertcelik and Kafadar,
2012; Zhang X et al,, 2015; Pham et al., 2020, 2022). Concurrently,
deep learning methods have demonstrated strong feature learning
capabilities when sufficient data are available (Zhou S et al., 2024;
Zhou XY et al,, 2024), while progress in adaptive filtering has
enhanced local noise suppression (Ferreira et al., 2013). However,
these approaches still commonly face limitations, including
reliance on data and insufficient interpretability. A particular
ongoing challenge within traditional gradient-based methods is
how to effectively suppress noise and avoid spurious boundaries
without compromising resolution (Xue ZX et al., 2025a). Neverthe-
less, critical challenges persist, including the proliferation of false
boundaries, the difficulty of simultaneously achieving high resolu-
tion and noise robustness, and effective noise suppression (Zhang
Xetal, 2015; Pham et al., 2020, 2022).

Building on existing research, this work utilizes the hyperbolic
tangent (TANH)-based method with Gaussian envelope
constraints on the tilt angle of the total gradient modulus
(THASTG) to delineate horizontal geological boundaries. This
approach effectively balances amplitude variations across different
depths, suppresses noise interference, and yields higher resolution
detection results. It provides enhanced imaging details, achieves
high identification accuracy, and minimizes the introduction of
spurious anomalies. The reliability and noise resistance of THASTG
are validated through synthetic datasets, including single positive
anomalies, positive-negative composite anomalies, and noisy
composite anomalies, demonstrating its robustness under
complex scenarios. Furthermore, this method is successfully
applied to gravity data from the South China Sea region, where it
identifies 20 fault zones on the basis of integrated gravity field
model data, clarifies the extension characteristics of the Red River
Fault Zone, and accurately delineates the continent-ocean
boundary with improved structural clarity and convergence.
These results not only align consistently with those of previous
studies but also provide new high-precision structural informa-
tion, offering critical insights for further analysis of regional
tectonic activity.

2. Methods

The total horizontal gradient (THG), introduced by Cordell (1979),
is utilized to delineate the boundaries of geological sources. The
THG is defined as follows:

THG = \/GZ, + G, )

where the gradients of the gravity anomaly G, in the x and y

directions are G,, and G,,, respectively.

The analytical signal amplitude (ASA) filter, introduced by Roest et
al. (1992), is used to image the edges of gravity and magnetic
anomalies. The ASA is defined as follows:

ASA = |G, + G, + G2, 2)

where the gradient of the gravity anomaly G, in the z direction is
G,.

The tilt angle (TA), introduced by Miller and Singh (1994), is
defined as the arctangent of the ratio of the vertical gradient to
the THG amplitude and constitutes the first balanced interpretation
method. The TA is defined as follows:

TA = atan (G—Zz) (3)

\GE + G,

The total horizontal gradient of the TA (THDR) was developed by
Verduzco et al. (2004) as an enhanced edge detection filter. The
THDR is defined as follows:

4
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THDR = (

The theta map (TM), introduced by Wijns et al. (2005), is another
balanced filter that normalizes the THG by using the ASA. The TM

is defined as follows:
VG + G,
Jea+Gh+ )
The normalized horizontal tilt angle (TDX) filter, introduced by

Cooper and Cowan (2006), utilizes the ratio of the THG amplitude
to the absolute value of the vertical gradient. The TDX is defined

as follows:
N Gﬁz)

|G|

™ = acos( (5)

TDX = atan ( (6)

The largest eigenvalue (LAMDA) filter, introduced by Sertcelik and
Kafadar (2012), is derived from the two-dimensional structural
tensor matrix formed by convolving a Gaussian envelope with
gradient tensor data. The LAMDA is defined as

T lei| Gz  GuGy

= Gg(x, 1, 7

|:Tz1 T2 oo y) * |:Gyszz Giz «
where the asterisk () is the convolution operator, and the Gaussian
envelope G,(x, y) is defined as follows:
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where 0 = /0 + 0}, and in the x and y directions, the standard
deviations of G,(x, y) are o, and o, respectively.

: ‘
LAMDA = 5 (T11 +Top + (T = To) + 4T12T21). ©)

The tilt angle of the horizontal gradient (TAHG) filter, introduced
by Ferreira et al. (2013), is designed to enhance edge detection
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while avoiding the generation of spurious edges. The TAHG is
defined as follows:

ITHG
0z
(aTHG )2 . (8THG)2
ox oy

TAHG = atan

In this study, to reduce noise interference during edge detection,

we introduce a Gaussian envelope to the gradient data with refer-
ence to Equation (7), whose expression is as follows:

TXZ } [ GXZ }

= Ggy(x, y) * . 11

| 7 |-oobn=| € an

Furthermore, by analogy with the TAHG method presented in

Equation (10), we develop a tilt angle method based on the

arcsine function under Gaussian envelope constraints for the total
gradient modulus (ASTG). Its expression is as follows:

ATTHG
ASTG = asin 9z . a2
IOTTHG\? [OTTHG\® [OTTHG)?
ox oy 0z

In Equation (10), THG (as given by Equation (1)) is the sum of the
first-order derivatives of the gravity anomaly in the x and y direc-
tions. Similarly, TTHG in Equation (12) is the sum of the derivatives
in the x and y directions after introducing a Gaussian envelope.
Specifically, the expression for TTHG is given by

TTHG = [T, + T2, (13)

The ASTG method is developed as an enhancement of the TAHG
method. It retains effectiveness similar to TAHG but incorporates a
Gaussian envelope to effectively suppress the noise amplification
associated with the use of higher order derivatives in TAHG.
However, ASTG does not completely overcome the limited resolu-
tion in edge detection observed in the original TAHG method. To
address this issue, we introduce the TANH function into the ASTG
framework. Benefiting from its bounded range, strict conver-
gence, and smooth differentiability across the entire domain, the
TANH function markedly improves the convergence and sharpness
of the boundary response, thereby effectively increasing the reso-
lution of edge detection.

To enhance the resolution of the detection results, we derive the
following expression on the basis of the TANH function and the
ASTG method:

THASTG = tanh (ASTG — k), (14)

where tanh denotes the hyperbolic tangent (TANH) function, and
k is a positive real number used to adjust the resolution of the
detected boundaries.

To evaluate the reliability of Equation (14), we conduct a compara-
tive analysis between the THASTG and other methods described
in Section 2 using the synthetic models in Section 3, followed by
an application to real gravity data in Section 4. Equation (14)
incorporates parameters o,, o,, and k, whose configurations are
discussed in detail in Section 3.2.
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3. Synthetic Model Tests

In this section, we evaluate the accuracy of THASTG through
synthetic models and compare the edge detection results with
those of the THG, ASA, TA, THDR, TM, TDX, LAMDA, and TAHG
methods mentioned in Section 2. The synthetic model
constructed in this section consists of eight prisms, including
three prisms (A, B, and C) of identical size but varying depths; two
thin-slab prisms (D and E) with identical widths and heights; and
three prisms (F, G, and H) sharing the same central coordinates
(Figure 1). The detailed dimensional parameters of the model are
provided in Table 1.

To approximate real-world conditions as closely as possible, we
design three scenarios, as detailed in Table 2:

(1) The synthetic model contains exclusively positive density
contrasts.

(2) The synthetic model incorporates both positive and negative
density contrasts.

(3) Random noise equivalent to 5% of the maximum amplitude of
the potential field data is added to Scenario 2.

3.1 Model Testing

In this section, a comparative analysis is conducted between the
THASTG method and other methods under the three aforemen-
tioned scenarios. To facilitate comparison, the parameter values
for the THASTG method are directly provided here, with a detailed
discussion of parameter selection presented in Section 3.2. For
Scenario 1, the parameters of THASTG are set as o, = 0, =0.1 and
k = 2; for Scenario 2, the parameters are set as o, = 0, = 0.1 and
k = 2; and for Scenario 3, the parameters are set as o, = 0, = 2 and
k=2.

The gravity potential field data generated for Scenario 1 are
detailed in Figures 1c-1f, with the data for the other two scenarios
being similar and thus not reiterated subsequently. The edge
detection results obtained by the different methods are shown in
Figure 2, and the profile results along the section line in Figure 1
are presented in Figure 3. The THG method (Figure 2a) performs
well in detecting the boundaries of shallower prisms (A, B, D, and
E), but its effectiveness decreases for deeper prisms. As the depth
increases, the THG results become more dispersed than the true
boundaries (Figure 3a), although the true boundaries align well
with the peak values of the THG amplitude. The ASA method
(Figure 2b) shows good performance in detecting the boundaries
of shallow prisms A and D but appears blurred for other prism
boundaries. As the depth increases, the ASA results become
increasingly dispersed (Figure 3b) and deviate from the true posi-
tions. The TA method (Figure 2c) can simultaneously display the
boundaries of prisms at different depths, but it is difficult to
directly derive the boundaries from the results (Figure 3c). The
THDR method (Figure 2d) performs well in identifying prisms A
and D but largely fails to outline the boundaries of deeper prisms.
As shown in Figure 3d, THDR offers high resolution, with the
results aligning well with the true boundary positions and exhibit-
ing minimal dispersion, although spurious boundaries appear in
the detection results. Both the TM (Figure 2e) and TDX (Figure 2f)
methods can also simultaneously identify the locations of prisms
at different depths, with the former defining prism boundaries
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Figure 1. Visualization and geophysical responses of the synthetic models. The solid white line corresponds to the profile path. The dashed

white lines represent the actual horizontal positions of the prisms. (a) 3D view. (b) Plan view. (c) Gravity anomaly G, generated by Scenario 1.

(d) Gravity horizontal gradient anomaly G,, generated by Scenario 1. (e) Gravity horizontal gradient anomaly G, generated by Scenario 1.

(f) Gravity vertical gradient anomaly G,, generated by Scenario 1.

Table 1. Parameters of the synthetic model.

Parameter/model label A B @ D E F G H
x-coordinates of center (m) 45 45 45 130 130 130 130 130
y-coordinates of center (m) 160 100 40 170 150 70 70 70
z-coordinates of center (m) 35 6 8.5 25 4 5 7 9

Length (m) 40 40 40 40 80 20 50 90
Width (m) 40 40 40 8 8 20 50 90
Height (m) 5 5 5 3 3 2 2 3

Table 2. Parameters of the synthetic model for the three scenarios.

Density (g/cm3)

Scenario Noise
A B C D E F G H
1 No 0.2 0.2 0.2 0.21 0.21 0.15 0.23 0.25
2 No 0.2 -0.2 0.2 0.21 -0.21 0.15 0.23 0.25
3 Yes 0.2 -0.2 0.2 0.21 -0.21 0.15 0.23 0.25

using minimum values and the latter using maximum values.
However, as depth increases, the agreement between their results
and the true boundary positions deteriorates (Figures 3e-3f), with
the latter exhibiting higher resolution. The LAMDA method
(Figure 2g) performs well in identifying prisms A and D, with
results aligning accurately with the true boundary positions and
yielding smoother information on the map (Figure 3g). The TAHG
method (Figure 2h) defines the boundaries of prisms at different
depths using maximum values, and the results match well with
the true boundary positions, but spurious boundaries interfere
between the prisms (Figure 3h). The THASTG method (Figure 2i)
also defines the boundaries of prisms at different depths using

maximum values, significantly enhancing the resolution of the
detection results without introducing spurious boundaries (Figure
3i).

The edge detection results obtained by the different methods
under Scenario 2 are detailed in Figure 4, and the profile results
along the section line in Figure 1 are presented in Figure 5. The
THG method (Figure 4a) effectively identifies the boundaries of
shallower prisms (A, B, D, and E), whereas the ASA (Figure 4b),
THDR (Figure 4d), and LAMDA (Figure 4g) methods perform well
in detecting shallow prisms A and D. However, for deeper prisms,
THG, ASA, THDR, and LAMDA exhibit limited detection capabili-
ties. As depth increases, the THG (Figure 5a), ASA (Figure 5b),
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Figure 3. Profile results for the different methods for Scenario 1. The dashed black lines indicate the true boundary positions of the prisms. (a)

THG. (b) ASA. (c) TA. (d) THDR. (e) TM. (f) TDX. (g) LAMDA,

the prisms.



502 Earth and Planetary Physics  doi: 10.26464/epp2026041
mGal/m 200 200
8
150 150
6
4 100 100
2 50 50
0
0 0
200 rad 200 200
0.3
150 150 150
= 0.2
£E 100 100 100
>
0.1
50 50 50
0.0
0 0+ 0
200 200 rad
THASTG -0.4
| e— |
150 150
-0.6
100 100
-0.8
50 50
-1.0
0 0
50 100 150 200 0 50 100 200 0 100 150 200
X (m) x (m) x (m)

Figure 4. Edge detection results for the different methods for Scenario 2. (a) THG. (b) ASA. (c) TA. (d) THDR. (e) TM. (f) TDX. (g) LAMDA, with
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Figure 5. Profile results for the different methods for Scenario 2. The dashed black lines indicate the true boundary positions of the prisms. (a)
THG. (b) ASA. (c) TA. (d) THDR. (e) TM. (f) TDX. (g) LAMDA, with g, = ¢, = 0.1. (h) TAHG. (i) THASTG, with ¢, = o, = 0.1 and k = 2. (j-I) Cross-sections of
the prisms.
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THDR (Figure 5d), and LAMDA (Figure 5g) results become increas-
ingly dispersed. Although the results of THG, THDR, and LAMDA
maintain good alignment with the true boundaries, those of ASA
gradually deviate from the actual boundary positions, and spurious
interference appears in the THDR results. The TA (Figure 4c), TM
(Figure 4e), and TDX (Figure 4f) methods simultaneously capture
the boundaries of prisms at different depths but introduce false
boundary information. In Figure 5, the TA method (Figure 5c)
clearly fails to visually represent the prism boundaries. As the
prism depth increases, the TM (Figure 5e) and TDX (Figure 5f)
results progressively decrease in agreement with the true bound-
aries. Both the TAHG (Figure 4h) and THASTG (Figure 4i) methods
define the boundaries of prisms at different depths using maxi-
mum values, and their results (Figure 5h and Figure 5i, respec-
tively) demonstrate higher resolution than those of the other
methods (Figures 5a-5g). However, compared with TAHG,
THASTG not only provides higher resolution but also effectively
suppresses spurious signals during detection.

The edge detection results obtained by the different methods
under Scenario 3 are detailed in Figure 6, and the profile results
along the section line in Figure 1 are presented in Figure 7. The
THG (Figure 6a), ASA (Figure 6b), and LAMDA (Figure 6g) methods
yield results largely consistent with those from the previous two
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scenarios, showing minimal susceptibility to noise interference.
However, the graphical outputs of THG (Figure 7a) and ASA
(Figure 7b) display slight fluctuations, whereas the results of
LAMDA (Figure 7g) appear smoother because of its built-in Gaus-
sian envelope. The THDR (Figure 6d) and TAHG (Figure 6h) methods
have difficulty clearly distinguishing prism boundary positions,
with the profile results in Figure 7d and Figure 7h showing
predominantly anomalous signal fluctuations, indicating signifi-
cant susceptibility to noise interference. The TA (Figure 6c), TM
(Figure 6e), and TDX (Figure 6f) methods remain capable of simul-
taneously identifying the boundaries of prisms at different depths;
however, the profile results in Figure 7c, Figure 7e, and Figure 7f
exhibit anomalous amplitude fluctuations, indicating that these
methods are also prone to noise interference and introduce false
boundary information. The results of THASTG (Figure 6i and
Figure 7i) are essentially consistent with those from the previous
two scenarios, as THASTG not only simultaneously identifies
boundaries of prisms at varying depths but also delivers high
resolution, excellent convergence, minimal susceptibility to noise
interference during detection, and no spurious boundaries.

3.2 Parameter Settings
This section provides a detailed evaluation of the parameters g,
o, and k in the THASTG method using the aforementioned
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Figure 6. Edge detection results for the different methods for Scenario 3. (a) THG. (b) ASA. (c) TA. (d) THDR. (e) TM. (f) TDX. (g) LAMDA, with

o, = 0, = 2. (h) TAHG. (i) THASTG, with 0, = 0, =2 and k = 2.
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the prisms.

synthetic models and three different scenarios. Specifically, the
parameter k is first fixed while modifying parameters o, and o, to
analyze their effects on the detection results. The parameters o,
and g, are subsequently fixed while modifying parameter k to
analyze its influence on the detection outcomes.

In the parameter sensitivity analysis, the Gaussian envelope
parameter controls the cutoff wavelength of the low-pass filter. Its
value directly affects the balance between suppressing
high-frequency noise and retaining effective structural signals.
Following previous studies (Xue ZX et al., 2025a), the Gaussian
envelope parameter is tested here with values of 0.1, 0.5, 1, and 2.
The parameter k is used to shift the ASTG signal numerically so
that it falls within the interval where the TANH function exhibits
the most pronounced nonlinear response, which favors boundary
convergence. In this study, kis set to 0.5, 1, 2, and 5 for a systematic
investigation of its influence. The following sections examine the
effects of these two parameters under different values on boundary
detection performance and determine their appropriate settings.

The parameter k is first fixed at 2, whereas parameters o, and o,
are sequentially set to 0.1, 0.5, 2, and 5. The influence of variations
in o, and g, on the THASTG method is then analyzed under the
three different scenarios. The edge detection results obtained by
THASTG under each scenario are detailed in Figure 8, and the
corresponding profile results along the section line in Figure 1 are

shown in Figure 9. Figure 8 demonstrates that the THASTG
method effectively balances the amplitudes of the prisms at
different depths, regardless of the specific values chosen for
parameters g, and g,. However, as shown in Figures 8a-8h, as the
values of o, and g, increase, the detection results of THASTG
become more dispersed compared to the true boundaries. When
o, =0, =5, Figures 8d and 8h show partial loss of boundary
signals for overlapping prisms. Figures 9a-9h indicate that when
oy = 0, = 0.1, the results exhibit higher resolution. However, when
0, = 0, =5, spurious boundary information begins to appear in
Figure 9h. This result suggests that under both the first and
second scenarios, THASTG achieves better detection performance
when o, =0,=0.1 and k = 2. In the third scenario, however,
Figures 8i-8j fail to directly reveal the model boundaries, and
Figure 8I, similar to Figures 8d and 8h, shows partial loss of
boundary signals for overlapping prisms. Furthermore, Figures
9i-9j are dominated by irregular noise interference, whereas
Figures 9k-9I are generally consistent with the results from both
the first and second scenarios. Nevertheless, as the values of o,
and o, increase, the resolution of the THASTG results decreases,
and the outputs become more dispersed relative to the true
boundaries. This finding indicates that in the presence of noise,
appropriate values of g, and ¢, must be selected to ensure high
resolution of the final detection results. Specifically, under the
third scenario, THASTG performs optimally when o, = o,=2and
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k=2.

The observed behavior stems from the core physical role of the
Gaussian envelope parameter: It acts as a scale-controlling factor
for low-pass filtering. An increase in its value implies stronger
spatial smoothing. Although this can suppress high-frequency
noise, it also attenuates the high-frequency signals that character-
ize boundaries, leading to a broadening of the boundary response
and a reduction in peak amplitude, which manifests as a “smearing”
of the results. Therefore, the selection of this parameter represents
a trade-off between boundary resolution and noise resistance. A
smaller value (e.g., 0.1) favors higher resolution but increases
sensitivity to noise, whereas a larger value (e.g., 5) enhances
smoothing at the cost of reduced resolving power.

On the basis of the aforementioned parameter evaluation, param-
eters o, and g, are fixed at 0.1 for both the first scenario and the
second scenario and at 2 for the third scenario, whereas parameter
k is sequentially set to 0.5, 1, 2, and 5. The edge detection results
obtained by the THASTG method under these parameter configu-
rations are shown in Figure 10, with the corresponding profile
results along the section line in Figure 1 presented in Figure 11. As
shown in Figure 10, as the value of parameter k increases, the
detection results become increasingly convergent, indicating near-
perfect alignment with the true boundaries. Figure 11 indicates
that under all three scenarios, the resolution of the THASTG
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results progressively improves with increasing values of parameter
k. However, significant signal fluctuations are observed between
prisms A, B, and C when k = 0.5, 1, and 5. These fluctuations are
effectively suppressed when k = 2. Consequently, larger values of
k do not always yield better performance, and an appropriate
value must be selected for optimal computational results. For the
three scenarios examined here, k=2 proves to be the most suitable
choice.

The parameter k essentially modulates the response interval of
the ASTG signal within the TANH function. Increasing k shifts the
entire signal negatively, causing it to enter the saturation region
of TANH more rapidly, thereby leading to a more convergent
boundary response. However, if k is too small (e.g., 0.5), the signal
remains in the gently varying region of the function, resulting in
oscillatory artifacts. Conversely, an excessively large k (e.g. 5)
overdrives the signal into deep saturation, which suppresses
meaningful detail. The choice of k = 2 places the signal within the
most nonlinear transition zone of TANH, achieving an optimal
balance between interference suppression and detail preserva-
tion. Therefore, for both the first and second scenarios, the optimal
parameter configuration for the THASTG method is o, = 0, = 0.1
and k = 2, whereas for the third scenario, the optimal parameter
configuration remains o, = 0, = 2 and k= 2.

The parameters described above serve as fundamental guidelines
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Cross-sections of the prisms.

for applying the method. Specifically, parameters o, and o,
balance the suppression of noise against the resolution of bound-
ary signals. Increasing their values generally improves noise resis-
tance, although excessively high values can lead to the loss of
valid signal information. Parameter k primarily controls the
convergence and stability of the identified boundaries. Appropri-
ately increasing its value yields more convergent results but
exceeding a reasonable range may introduce artifacts or cause
loss of detail. In practical applications, if significant residual noise
remains after data preprocessing, the values of parameters ¢, and
0, may be increased accordingly (it is recommended that they not
exceed 2). To achieve optimal overall performance, a value of k=2
is recommended.

4, Application to Real Data

To evaluate the reliability of the THASTG method in practical
applications, this section applies it to satellite gravity anomaly
data from the South China Sea.

4.1 Data and Results

Owing to their advantages of easy accessibility, broad coverage,
high resolution, and high precision, satellite gravity data have
become crucial for studying the internal structure and geodynamic
processes of Earth. The South China Sea serves as a natural labora-
tory for investigating deep dynamic systems in the western Pacific
marginal seas, and accurate identification of its tectonic boundaries
is fundamental to revealing the region’s formation, evolutionary
mechanisms, and geodynamic processes (Hayes and Nissen, 2005;
Metcalfe, 2011). To further demonstrate the reliability of the new
method, this section applies the THASTG approach to the South
China Sea region using satellite gravity data and conducts a

detailed comparative analysis with the methods mentioned in
Section 2.

The gravity data used in this section are derived from the SGG-
UGM-2 combined gravity field model with a resolution of 5" x 5'.
This model integrates data from GOCE (Gravity field and steady-
state Ocean Circulation Explorer), GRACE (Gravity Recovery and
Climate Experiment), satellite altimetry, and the EGM2008 (Earth
Gravitational Model 2008) model, achieving overall accuracy
comparable to other models (e.g., EIGEN-6C4) while demonstrating
significantly higher accuracy in the China region than EGM2008
(Liang W et al, 2020; Ariff et al, 2021). The Bouguer gravity
anomaly data for the South China Sea region are first computed
via the International Centre for Global Earth Models (ICGEM)
website (https://icgem.gfz-potsdam.de/home), followed by the
application of a Gaussian filter to mitigate the inevitable noise
effects in satellite gravity data. After multiple trials, the Gaussian
filter employs a Mapinfo-built function with a 9 x 9 kernel and
o = 1. The Bouguer gravity anomaly after Gaussian filtering is
detailed in Figure 12a, whereas the edge detection results for the
South China Sea region obtained by different methods are
presented in Figures 12b-12j. Figure 12h corresponds to the
result of the LAMDA method using the parameter set o, =0, = 1,
and Figure 12j corresponds to the result of the THASTG method
configured with parameters o, = 0, = 1, k=2.

The complex Bouguer gravity anomalies in the South China Sea
region, characterized by alternating positive and negative anoma-
lies, are shown in Figure 12a. Areas such as the Central Basin, the
Sulu Sea, and the Celebes Sea exhibit relatively high Bouguer
gravity anomaly values. From the Central Basin toward the
marginal seas and continental shelf, the Bouguer gravity anomalies
gradually decrease. Pronounced gravity anomaly gradient zones
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Figure 12. (a) Gaussian-filtered gravity anomaly data for the South China Sea. MOR: Mid-ocean ridge of the Central Basin. (b) THG. (c) ASA. (d) TA.
(e) THDR. (f) TM. (g) TDX. (h) LAMDA, with ¢, = 0, = 1. (i) TAHG. (j) THASTG, with 6, = 0, = 1 and k= 2.

are developed around the periphery of the South China Sea Basin.
The results from the THG (Figure 12b), ASA (Figure 12c), THDR
(Figure 12e), and LAMDA (Figure 12h) methods are dominated by
large-amplitude signals in regions such as the Central Basin, Sulu
Sea, and Sulawesi Sea, whereas the tectonic boundaries in the
northwestern and southern parts of the South China Sea Basin
appear blurred. Although TA (Figure 12d), TM (Figure 12f), and
TDX (Figure 12g) effectively balance amplitude signals of varying
magnitudes, TA fails to provide clear tectonic boundaries directly,
and all three methods inevitably introduce spurious boundaries.
Their results are largely interconnected, making it difficult to
extract authentic boundary information. For instance, TA, TM, and
TDX depict the northeastern margin of the mid-ocean ridge as
several clustered spot-like structures, which deviates from the
actual situation. Compared with the other methods, TAHG (Figure
12i) and THASTG (Figure 12j) yield more effective detection results
in the South China Sea. Although delineating boundaries in
regions with large-amplitude signals, such as the Central Basin,
Sulu Sea, and Sulawesi Sea, they also clearly reveal tectonic
boundaries in areas with weak-amplitude signals, such as the
northwestern and southern parts of the South China Sea Basin.
However, compared with TAHG, THASTG produces more conver-
gent results with higher resolution, effectively suppressing scat-

tered spot-like signal interference and providing clearer and more
definitive information on the map. Therefore, compared with
other conventional methods, the THASTG method can delineate
tectonic boundaries in the South China Sea region with higher
resolution and greater clarity.

4.2 Discussion

Figure 12a shows an integrated compilation of multi-source fault
data derived from seismic data, gravity data, active fault mapping
projects, active fault prospecting, and information provided by
the China Seismic Active Fault Survey Data Center (Hu SX et al,,
2021; Guo DM and Xue ZX, 2023; Wu et al., 2024; Xue ZX et al,,
2025b). The precise planar locations of faults in the South China
Sea region extracted using the THASTG method are shown in
Figure 13b. The results demonstrate that THASTG directly identifies
fault positions through maximum values with high localization
accuracy, effectively suppresses noise interference, and does not
produce spurious boundaries. A comprehensive comparison
between Figures 13a and 13b demonstrates a high degree of
consistency in the overall orientation and spatial distribution of
the fault structures revealed in both. Specifically, the faults identi-
fied by the THASTG method in Figure 13b correspond well with
the integrated multi-source fault data compiled in Figure 13a,
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Figure 13. (a) Terrain and tectonic setting of the South China Sea and its surrounding areas, with terrain data from ETOPO1 (Amante and Eakins
2009). The integrated compilation of multi-source fault data is listed here (Hu SX et al., 2021; Guo DM and Xue ZX, 2023; Wu et al., 2024; Xue ZX et
al., 2025b; and China Seismic Active Fault Survey Data Center). LF: Littoral Fault; RRF: Red River Fault; MHF: Majiang-Heishuihe Fault; XTF: Xisha
Trough Fault; NCBF: Northern Central Basin Fault; SCBF: Southern Central Basin Fault; MOR: mid-ocean ridge of the Central Basin; TF: Tingjia Fault;
NTSMF: Southeastern Margin Fault Zone of the Nansha Trough; SSF: Sulu Sea Fault Zone; CSF: Celebes Sea Fault Zone; SPF: Sabah—Palawan Fault
Zone; MTF: Manila Trench Fault; PT: Philippine Trench; GR: Gagua Ridge; RT: Ryukyu Trench; (b) Edge detection results of the THASTG method.

further validating the reliability and effectiveness of the proposed
method. On this basis, a total of 20 major faults are interpreted in
this study, namely the Littoral Fault Zone (F1), Red River Fault
Zone (F2), Majiang-Heishuihe Fault Zone (F3), Xisha Trough Fault
Zone (F4), northern boundary of the Central Basin (F5), mid-ocean
ridge of the Central Basin (F6-F7), southern boundary of the
Central Basin (F8), Tingjia Fault Zone (F9), Nansha Trough South-
eastern Margin Fault Zone (F10), Sulu Sea Peripheral Fault Zone
(F11), Celebes Sea Peripheral Fault Zone (F12), Manila Trench
Subduction Zone (F13), Luson Trough Fault Zone (F14), Philippine
Trench (F15), Ryukyu Trench (F16), Gagua Ridge (F17),
Sabah-Palawan Fault (F18), Bukit Misin Fault Zone (F19), and
Lupar Fault Zone (F20). These faults exhibit complex orientations,
predominantly trending NE, NNE, NEE, and NW.

F1, located in the northern South China Sea, is the Littoral Fault
Zone with a NEE strike. It extends westward to Hainan Island and
is situated along the continent-ocean boundary. The offshore
extension of the Red River Fault Zone in the South China Sea
remains a subject of ongoing academic debate (Xue ZX et al.,
2025b). In this study, fault F2, identified by the THASTG method,
provides new high-resolution evidence pertinent to this issue. F2
originates from the Yinggehai Basin in the western part of Hainan
Island, with its strike gradually transitioning from ES to NS and
ultimately terminating in the Wan'an Basin with a NW orientation.
This result not only corroborates the previous macroscopic inter-
pretations (Xue ZX et al., 2021; Guo DM and Xue ZX, 2023) but also
delineates its complete geometry and key inflection points with

continuous and convergent boundaries. Compared with existing
studies, the THASTG-derived result further clarifies the continuous
distribution of the fault and its spatial relationship with adjacent
structures. Its noise-resistant capability effectively reduces inter-
pretational ambiguity in complex areas, thereby furnishing reliable
new constraints for resolving this long-standing controversy. F3 is
the Majiang-Heishuihe Fault Zone, which is situated between
Indochina and the South China Sea. F4 is the Xisha Trough Fault
Zone in the northern South China Sea, whose strike is approxi-
mately parallel to that of F1 and aligns closely with the
continent-ocean boundary proposed by Zhang J et al. (2021) and
Guo DM and Xue ZX (2023). F5 and F8 represent the northern and
southern boundaries of the Central Basin, respectively. Together
with F13 (Manila Trench Fault), they delineate the rhombic struc-
ture of the Central Basin (Guo DM and Xue ZX, 2023). F6 and F7
correspond to the NE-striking mid-ocean ridge within the Central
Basin. Fault zones such as F11-F13 and F15-F18, resulting from
plate subduction and collision, separate the marginal basins from
the Pacific Plate (Karig, 1974; Zhang Y et al., 2016; Xue ZX et al,,
2025b). F19 and F20 are located within the Natuna-Borneo fold-
and-thrust belt, representing suture zones formed by
subduction—collision events between the Nansha Block and
Borneo (Hutchison, 1996, 2004).

5. Conclusion

In this study, an improved edge detection method termed
THASTG is proposed, which enables the simultaneous identifica-
tion of geological boundaries at varying depths while offering
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high localization accuracy and strong convergence. The method
significantly suppresses noise interference, effectively enhances
the resolution of the detection results, and avoids generating
spurious boundaries. Notably, the THASTG method can effectively
suppress residual noise during data processing. If the original data
are of poor quality or contain strong interfering signals, we
recommend performing appropriate preprocessing first to
improve the signal-to-noise ratio, thereby ensuring reliable edge
detection results.

The method is first tested using complex models under three
different scenarios, and comparative analyses with other conven-
tional methods confirm the reliability of the THASTG approach.
Finally, the THASTG method is successfully applied to measured
gravity data from the South China Sea region, yielding results
largely consistent with previous findings.

In this study, 20 fault zones in the South China Sea region are
identified on the basis of integrated gravity field model data, the
extension characteristics of the Red River Fault Zone within this
area are clarified, and the continent-ocean boundary position is
delineated. The results significantly increase the precision and reli-
ability of tectonic identification and provide important references
for further understanding the tectonic evolution of the South
China Sea.
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