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Abstract: Enhancing the detection accuracy of the edges of the geological features within

the subsurface remains a significant objective in geophysical data interpretation. Despite

numerous advancements, approaches stemming from the directional gradients of gravity

and magnetic fields still grapple with challenges such as low-resolution outcomes and sus-

ceptibility to noise contamination. In this study, we introduce a novel filtering framework

based on the total horizontal gradient and its derivatives, designed to yield more precise

and coherent edges free from false boundaries or disruptive artifacts. Validation using

synthetic Bishop complex magnetic and gravity datasets, alongside Tuangiao aeromag-

netic data from Vietnam, substantiates the robustness and applicability of our modified

approach. Furthermore, recognizing the inherent susceptibility of edge detection filters to

noise contamination resulting from directional derivatives, we employ the recently devel-

oped modified non-local means (MNLM) algorithm to alleviate noise effects prior to the

analysis of noisy synthetic and real datasets. Our findings confirm the efficacy of the pro-

posed method in reducing false artifacts and identifying edges with heightened precision,

positioning MHGA as a valuable alternative for processing potential field data.
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1. Introduction

Magnetic and gravity field measurements made on the ground, in the air,
and via satellites provide crucial details about the subsurface geological
structures (Narayan et al., 2021). Magnetic and gravity field methods are
less expensive and have broad applications compared to some geophysical
methods (Ekinci et al., 2023; Ai et al., 2023a; Toktay et al., 2021). Edge
detectors are constantly used to map subsurface geologic structures through
gravity and magnetic data interpretation (Fedi and Florio, 2001; Ekinci et
al., 2013; Sun et al., 2016; Chen et al., 2017; Nasuti and Nasuti, 2018;
Weihermann et al., 2018; Pham et al., 2019; Pham et al., 2021; Prasad
et al., 2022; Alvandi and Ardestani, 2023; Alvandi et al., 2023a; Ibraheem
et al., 2023). Numerous distinct methodologies have been devised for the
extraction of buried source boundaries, primarily relying on directional dif-
ferentials of potential field anomalies (Alvandi et al., 2023a). Cordell and
Grauch (1985) employed the total horizontal gradient or horizontal gradi-
ent amplitude method (HGA) to delineate the horizontal boundaries. The
HGA approach of reduced-to-pole (RTP) magnetic field or gravity field can
be expressed as:

HGA =
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In equation (1), ∂P
∂x

and ∂P
∂y

are the first-order horizontal derivatives of poten-
tial field data. Roest et al. (1992) used the maximum values of the analytic
signal amplitude or total gradient (ASA) filter to indicate the buried source
edges. The ASA expressed as follows:
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In relation (2), the first-order vertical derivative of potential field data
is given as ∂P

∂z
. However, HGA and ASA filters perform unsatisfactorily

in highlighting the buried source edges (Saibi et al., 2012; Prasad et al.,
2022; Alvandi and Ardestani, 2023). Numerous normalized filters have been
proposed, incorporating the ratio or combination of directional derivatives
derived from potential field data, aimed at simultaneously capturing all

120



Contributions to Geophysics and Geodesy Vol. 54/2, 2024 (119–143)

boundaries of shallow-level and deep-seated buried sources. The popular
tilt angle or tilt derivative (TA) method is the first normalized method in-
troduced by Miller and Singh (1994). In TA, the vertical gradient of the
field is normalized by its HGA. The TA relationship is given by:

TA = tan−1
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Verduzco et al. (2004) showed that the use of the maximum amplitude of
the HGA of the TA (HGATA) can provide the horizontal boundaries more
precisely. The HGATA is expressed as:

HGATA =
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Cooper and Cowan (2006) proposed a detector (TDX) using the normalized
horizontal gradient amplitude of the field P. This method yields maxima
indicative of subsurface structural edges and it is given by:

TDX = tan−1
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In efforts to enhance the efficacy of horizontal gradient amplitude for detect-
ing the boundaries of causative sources, Ferreira et al. (2013) introduced
the tilt angle of the total horizontal gradient (TAHGA), which is calculated
as follows:

TAHGA = tan−1
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The improved horizontal tilt angle (ITDX), or normalization of the verti-
cal gradient’s HGA by the modulus of the second-order vertical gradients
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(SVD), was first introduced by Ma et al. (2016). The method is defined as:

ITDX = tan−1
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An additional normalized method introduced by Nasuti et al. (2019), re-
ferred to as the HGA of the STDR, serves as a potent processing tool for
accentuating buried source boundaries. The technique is calculated as:

HGASTD =
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where

STDR = tan−1
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In the relation (9), W represents a positively selected numerical value by the
interpreter. Here, we applied W = 900.000 for gravity data and W = 50.000
for RTP magnetic data, as recommended by Nasuti et al. (2019). Al-
though the normalized techniques (TA, HGATA, TDX, TAHGA, ITDX and
HGASTD) can map both the deep-seated and shallow-situated causative
sources, they tend to produce spurious and ambiguous lateral boundaries
when dealing with some cases (Ghomsi et al., 2022; Pham et al., 2022;
Alvandi and Ardestani, 2023). This study endeavors to formulate a pio-
neering normalized methodology originating from HGA directional deriva-
tives for the precise delineation of horizontal boundaries within subsurface
structures, aiming for heightened resolution and minimized false edge oc-
currences. We effectively showcased the utilization of the proposed method-
ology on synthetic responses (generated by prisms and the Bishop model)
under varying noise conditions, as well as on a real-world dataset obtained
from the Tuangiao region of Vietnam.

122



Contributions to Geophysics and Geodesy Vol. 54/2, 2024 (119–143)

2. Proposed new edge detector with modified non-local means
filter

2.1. Modified horizontal gradient amplitude (MHGA)

The arctangent and hyperbolic tangent functions have been applied to most
of the detectors introduced in gravity and magnetic data edge detection
filters (Ibraheem et al., 2023). Nevertheless, it should be noted that the
hyperbolic tangent function possesses a narrower range compared to the
arctangent function (Ibraheem et al., 2023). The created filter is inspired
by the linear saturated function, which is similar to the hyperbolic tangent
function. We have introduced this technique with the aim of augmenting
the resolution and precision of delineated lateral boundaries by refining
the total horizontal gradient method. The proposed modified horizontal
gradient amplitude (MHGA) technique uses an enhanced form of the ratio
of the first-order vertical and horizontal gradients of the horizontal gradient
amplitude of the gravity and RTP magnetic data, expressed as:

MHGA =
|R + 1| − |R− 1|

2
, (10)

where

R =













∂HGA

∂z
√

(

∂HGA

∂x

)2

+

(

∂HGA

∂y

)2
−

π

3













. (11)

We emphasize that the vertical derivative ∂HGA
∂z

in the numerator is not
the true vertical derivative, but so-called k-function (Florio et al., 2006) or
pseudo-vertical derivative (de Souza et al., 2024), as it is computed within
the spectral domain using the conventional approach of vertical derivative
assessment (Pham et al., 2019; Pham and Oliveira, 2023). This property
does not influence the good recognition properties of the MHGA transform.
The amplitude of the MHGA is between −1 and 1, and the amplitude max-
ima are located at the edges of the causative sources. The main advantage
of the MHGA is that it exhibits horizontal boundaries with great precision
and sharpness. The resolution of the adjusted horizontal gradient amplitude
result is unaffected by parameters chosen by the interpreter, in contrast to
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contemporary high-resolution methods. (Pham et al., 2019; Nasuti et al.,
2019; Alvandi and Ardestani, 2023; Alvandi et al., 2023b). Given that
MHGA is derived from the ratio of derivatives pertaining to the total hori-
zontal gradient, it facilitates a clearer mapping of the edges of deep sources
when contrasted with the total horizontal gradient approach.

2.2. Modified non-local means filter

The Modified Non-Local Means (MNLM) filter, introduced by Ai et al.
(2023b), represents a recent advancement in noise attenuation algorithms.
This filter integrates unweighted Euclidean distance with Integral Image
techniques to mitigate the uncertainty and complexity associated with tun-
ing control parameters, while also expediting the weight calculation process
inherent to the traditional Non-Local Means (NLM) method. Extensive
testing by Ai et al. (2023b) has demonstrated the efficacy of MNLM in de-
noising potential field data by optimizing three algorithmic control param-
eters Ds, ds, and h. The intrinsic reason of the high performance of MNLM
lies in the weight selection process, it retains the advantage of NLM, con-
cerning a wide range of information instead of information limited within a
local neighbourhood, but obtains the weights in a simpler and faster way.
Consequently, MNLM is particularly effective for mitigating noise effects
exacerbated by high-order gradient calculation-based edge detectors, such
as MHGA. For comprehensive mathematical details and implementation
procedures of the MNLM filter, refer to Ai et al. (2023b).

3. The synthetic example

3.1. 2D model

In order to substantiate the efficacy of the proposed filter, we constructed
a 2D synthetic magnetic model. The model comprises three vertical prisms
buried at different depths with distinct properties. The parameters associ-
ated with the causative sources are shown in Fig. 1. The magnetic response
of the synthetic data in Fig. 1a and its reduced-to-pole (RTP) magnetic data
are shown in Fig. 1b. The response of different conventional and normalized
procedures (HGA, ASA, TA, HGATA, TDX, TAHGA, ITDX, HGASTD,
and MHGA) is shown in Figs. 1c to 1k. The results of edge enhancement
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Fig. 1. The response of different edge detection techniques over a magnetic dike-like model
and an illustrative depiction of the synthetic model: (a) the response of the magnetic
anomaly to the three prismatic bodies; (b) the RTP magnetic anomaly. The responses
of the different filters are shown as (c) HGA, (d) ASA, (e) TA, (f) HGATA, (g) TDX,
(h) TAHGA, (i) ITDX, (j) HGASTD, and (k) MHGA.
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demonstrate that the analysis of responses in the HGA and ASA methods
is notably improved when magnetic data are subjected to various normal-
ized and standard filters. However, the response must be balanced for the
shallow and deeper bodies. The TA, HGATA, TDX, ITDX, and HGASTD
filters produce spurious and false boundaries, making interpretation much
more difficult. Both the TAHGA and MHGA methods excel in accurately
mapping all edges without any occurrence of false information. However,
the peaks of MHGA show a clearer and more balanced delineation of the
horizontal boundaries of the dike-like bodies (Fig. 1k).

In the subsequent sections, the efficacy of the proposed detector is eval-
uated through a comparative analysis of its 3D outputs against those gen-
erated by alternative methods including HGA, ASA, TA, HGATA, TDX,
TAHGA, ITDX, and HGASTD.

3.2. 3D prismatic model

The integrity of the presented new method is further assessed using synthetic
2D magnetic datasets under the presence and absence of noise. The first 3D
example is comprised of six prisms. Fig. 2 illustrates both the perspective
and planar views of the synthetic 3D magnetic model. The properties of the
causative bodies are presented in Table 1. The magnetic anomalies asso-
ciated with these bodies were computed at 6000× 6000 observation points,
employing a 100-meter sampling interval through the algorithm of Rao and
Babu (1991) (Fig. 2c).

Table 1. Geometric parameters and geomagnetic susceptibility values of the synthetic 3D
geomagnetic model.

Parameters/Label M1 M2 M3 M4 M5 M6

X coordinate of the Centre (m) 2000 2000 4000 2300 1400 1900

Y coordinate of the Centre (m) 4000 4000 4000 2000 1400 1800

The width of Prism (m) 2000 1200 45 50 30 20

The length of Prism (m) 2000 500 10000 10000 10000 10000

Depth to the Top (m) 200 200 100 70 55 50

Depth to the Bottom (m) 300 215 600 570 555 550

Azimuth of Strike (◦) 45 35 5 55 95 120

Susceptibility of magnetized body (SI) 0.010 0.025 0.030 0.025 0.020 0.010
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Fig. 2. The 3D synthetic magnetic model: a) 3D view, b) planar view, and c) magnetic
anomaly of the model.

Figures 3a and b present the lateral boundaries extracted by applying
the HGA and ASA techniques to the anomaly in Fig. 2c, respectively. It is
evident from these figures that the large amplitude response of the shallow
sources M4, M5, and M6 dominates the HGA and ASA maps, while the
edges of the deeper sources M1 and M2 are discernibly attenuated. Figure
3c presents the TA of the magnetic anomaly in Fig. 2c. The TA anomaly
prominently amplifies anomalies attributed to the bodies M1, M3, M4, M5,
and M6, albeit inducing some spurious edges surrounding the source M2.
Figure 3d exhibits the HGATA result of a geomagnetic anomaly in Fig. 2c.
The HGATA technique exhibits a lack of distinct gradient across horizon-
tal boundaries, resulting in attenuated delineation of the edges associated
with both deep and shallow sources M1, M2, M3, M4, M5, and M6. Fig-
ure 3e presents the demarcated borders achieved through the utilization of
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Fig. 3. Edge detection maps of data shown in Fig. 2c. a) HGA, b) ASA, c) TA, d) HGATA,
e) TDX, f) TAHGA, g) ITDX, h) HGASTD, i) MHGA. Dashed lines represent the actual
borders.

the TDX filter on the magnetic dataset depicted in Fig. 2c. While the TDX
technique successfully delineates the lateral boundaries of both shallow and
deep anomalies, it introduces spurious edges around source M2, resulting
in diffuse edge estimations. Figure 3f exhibits the boundaries obtained by
the TAHGA technique. The detector exhibits the capability to concurrently
delineate edges situated at both shallow and deep depths. Despite the effec-
tiveness of TAHGA in mapping all edges, the resultant edge image demon-
strates a reduction in resolution. Figure 3g presents the edges estimated by
applying the ITDX filter to magnetic data in Fig. 2c. As depicted in this
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figure, the ITDX outlines the edges at different depths but creates several
false edges between and around the buried anomalies. Figure 3h depicts the
edges obtained by the HGASTD detector. Although the HGASTD exhibits
sharp edges for the sources, it also brings spurious edges between or around
the sources M1, M2, M3, M4, M5, and M6. Figure 3i presents the edges
detected by the proposed MHGA approach. Like the ITDX and HGASTD
methods, MHGA demonstrates the capacity to offer edges at a heightened
resolution in comparison to HGA, ASA, TA, HGATA, TDX, and TAHGA
filters. Nonetheless, the proposed approach is distinguished by its ability to
delineate all source edges without artificial boundaries, in contrast to ITDX
and HGASTD.

Figure 4a depicts the magnetic anomaly from Figure 2c, augmented with
Gaussian-type noise with standard deviation of 5 nT, facilitating a synthetic
investigation into the noise effect. The noise influence increases inherently
because the detectors are based on horizontal and vertical gradients. To
attenuate the noise contamination, we applied a modified non-local means
(MNLM) filter (Ai et al., 2023b) before applying the different detectors
aforementioned and the MHGA filter proposed (Fig. 4b). The MNLM al-
gorithm is an effective filter proposed recently for denoising potential field
data (Ai et al., 2023b). As depicted in Fig. 4b, the application of the MNLM
filter yields a more homogeneous representation, while retaining the funda-
mental shapes of the synthetic magnetic model. The control parameters of

Fig. 4. a) noisy magnetic anomaly from the synthetic response in Fig. 2c; b) filtered result
using the modified non-local means algorithm (the parameters of MNLM are ds = 3,
Ds = 15, h = 0.07 ∗min(max(noisy data))).
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MNLM are ds = 3, Ds = 15, h = 0.07 ∗min(max(∼)). min(∼) and max(∼)
are two functions returning the minimum elements of an array and maxi-
mum elements of a column of numbers, respectively.

Figures 5a and b display the edges obtained from the HGA and ASA
detectors, respectively. The large signals again dominated both filters and
responded from the shallow bodies M4, M5, and M6. The boundaries of the
deep sources M1, M2, and M3 are so faintly observed. Figure 5c displays
anomalies calculated from the TA filter. In this case, the TA effectively
enhances five buried sources but fails to detect the edges of the source

Fig. 5. Edge detection maps of the data shown in Fig. 4b. a) HGA, b) ASA, c) TA,
d) HGATA, e) TDX, f) TAHGA, g) ITDX, h) HGASTD, i) MHGA. Dashed lines represent
the actual borders.
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M2. Once more, HGATA exhibits a deficiency in concurrently enhancing
edges originating from both deep and shallow sources, resulting in faint
delineations (Fig. 5d). Figure 5e depicts the response calculated from the
TDX approach. In this instance, the TDX approach effectively enhances
five buried sources, yet falls short in delineating the edges of buried source
M2. Figure 5f illustrates the boundaries delineated by the TAHGA detec-
tor. This method effectively generates an equalized image for body edges.
However, the edges in the TAHGA map exhibit diffusion. Figures 5g and
5h present the boundaries calculated from the ITDX and HGASTD filters,
respectively. As depicted in these images, the ITDX and HGASTD filters
are more susceptible to noise compared to other detectors. This suscep-
tibility arises from their reliance on the second vertical derivative (SVD)
of the data. Additionally, the ITDX and HGASTD filters generate spuri-
ous boundaries around the structures. Figure 5i displays the boundaries
delineated by the proposed detector, MHGA. Notably, the MHGA filter,
in conjunction with the MNLM denoising method, prominently depicts all
edges in the presence of random noise. The MHGA method exhibits fewer
noise features compared to the ITDX and HGASTD methods, and it does
not produce spurious boundaries around or above bodies M1, M2, M3, M4,
M5, and M6. Furthermore, the MHGA still yields high-resolution edge maps
in this case.

3.3. The Bishop complex model

This section employs the proposed technique to Bishop’s complex synthetic
gravity (BCSG) data to assess its effectiveness (Williams et al., 2005; Al-
vandi and Ardestani, 2023). Several authors have applied the BCSG data
for edge enhancement (Cooper, 2020; Dwivedi and Chamoli, 2021; Chen
and Zhang, 2022; Alvandi and Ardestani, 2023; Al-Bahadily et al., 2024).
Figure 6 displays the basement depth and gravity anomaly of BCSG. The
BCSG model portrays minor faults along with two comparatively extensive,
large-offset faults, delineated by the black dashed lines in Fig. 6a (Florio,
2018). The unfaulted deep basin region is situated in the southeast corner,
while shallow structures are positioned northwest of the BCSG depiction
(Fig. 6b). In this study, the BCSG model with and without Gaussian noise
were considered to evaluate the effectiveness of the MHGA detector.
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Fig. 6. a) Basement depth of the Bishop synthetic model (the dashed lines illustrate
major faults) (Williams et al., 2005); b) Gravity anomaly of the BCSG (the closed dashed
lines indicate the locations of shallow and deep buried sources).

Figures 7a–i show the processed results of the various detectors dealing
with the noise-free BCSG data. As depicted in Figs, 7a-b, the outcomes of
the HGA and ASA methodologies are predominantly influenced by shallow-
level sources, respectively, resulting in the blurring of the two primary faults.
The HGA and ASA filters cannot depict the unfaulted deep basin sources.
Figues 7c and d show the TA and HGATA of the data in Fig. 6b, respec-
tively. In this case, the TA is effective in enhancing shallow buried sources
but fails to detect edges of the deep sources (the unfaulted deep basin re-
gion), and again, the HGATA fails to enhance any edges from the deep
and shallow sources simultaneously. Lateral boundaries are faint, and the
edges detected are ambiguous. Figure 6e presents the edges extracted from
the TDX method. This method is effective in creating edges for shallow
sources. In this experiment, it is observed that all five filters (HGA, ASA,
TA, HGATA, and TDX) exhibit limitations in effectively detecting the edges
of deep or thin structures. Figure 6f presents the edges extracted from the
TAHGA detector. This method effectively generates an equalized image for
the buried source edges. However, the lateral boundaries in the TAHGA
map are diffuse. In this instance, the ITDX approach fails to accurately
identify the edges of the structures situated in the southeast corner of the
edge detection map, thereby resulting in the generation of spurious edges
in the output image (Fig. 7g). The HGASTD and MHGA filters can equal-
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Fig. 7. Edge detection maps of the data shown in Fig. 6b. a) HGA, b) ASA, c) TA,
d) HGATA, e) TDX, f) TAHGA, g) ITDX, h) HGASTD, i) MHGA. Dashed lines represent
the location of faults.

ize the edges of buried bodies with different depths and other properties.
However, the HGASTD detector generates false borders around and above
the buried structures (Fig. 7h). The MHGA filter offers superior resolution
in comparison to alternative filters. It effectively reconciles the anomalies
originating from both shallow and deep-level sources, while successfully de-
lineating edges associated with both primary and minor structures (Fig. 7i).

In the context of the BCSG illustration, the robustness of the proposed
method and other detectors against random noise was evaluated by delin-
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eating the edges of the gravity model while accounting for the noise presence
in the observed anomaly (Fig. 8a). This noise, characterized as Gaussian,
possesses an amplitude corresponding with standard deviation of 3 mGal
depicted in Fig. 6b. To attenuate the added Gaussian noise, we applied
the modified non-local means algorithm again before applying the different
detectors and proposed approach (Fig. 8b). The parameters of MNLM are
ds = 3, Ds = 18, h = 0.3 ∗min(max(noisy gravity data)).

Fig. 8. a) Noisy gravity anomaly from the BCSG model in Fig. 6b; b) filtered anomaly
using the modified non-local means algorithm (the parameters of MNLM are ds = 3,
Ds = 18, h = 0.3 ∗min(max(noisy gravity data)).

Figures 9a and b depict the lateral boundaries extracted from the HGA
and ASA filters, respectively. Once again, both methodologies are predom-
inantly influenced by the pronounced signals originating from shallow-level
sources. Figures 9c and 9d illustrate anomalies derived from the TA and
HGATA methodologies, respectively. Since the HGATA filter is derived
from derivatives of the TA, it tends to be more susceptible to noise com-
pared to the TA alone. While the TA method can effectively map shallow
buried sources, in this instance, the HGATA is overwhelmed by the strong
signals emanating from the shallower bodies, resulting in faint and indis-
tinct edges. Figures 9e and 9f present the lateral boundaries extracted using
the TDX and TAHGA techniques, respectively. The TAHGA approach suc-
cessfully generates well-balanced images of the source edges, while the TDX
method fails to enhance any edges from the deep, unfaulted basin region.
However, the lateral boundaries delineated in the TAHGA maps appear
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diffuse. Figures 9g and 9h depict the boundaries derived from the ITDX
and HGASTD methods, respectively. These images reveal that the ITDX
and HGASTD filters are more susceptible to noise compared to other fil-
ters, as they are based on the second vertical derivative (SVD) of the data.
Figure 9i displays the lateral boundaries detected by the MHGA method,
yielding the boundary information with high resolution and without false
edges.

Fig. 9. Edge detection maps of data in Fig. 8b: a) HGA, b) ASA, c) TA, d) HGATA,
e) TDX, f) TAHGA, g) ITDX, h) HGASTD, i) MHGA. Dashed lines indicate the location
of faults.
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4. Real example

The validity of the presented new method is examined using aeromagnetic
anomaly data from Tuangiao, Vietnam (Fig. 10). Figure 10 illustrates the
geological map of the region and its surroundings (Koszowska et al., 2007).
The Tuangiao region comprises seven principal structural units oriented in
a southeast-northwest direction, namely the Fan SiPan massif, Tu Le basin,
Song Da rift, Song Ma zone, Sam Nua-An Chau terrane, Truong Son Fold
Belt, and Sibumasu terrane (Koszowska et al., 2007; Hieu et al., 2012;
Pham, 2023). Seismic activity in this area is primarily associated with
faults trending southeast-northwest (Pham et al., 2021; Pham, 2023). The
aeromagnetic data from Tuangiao were acquired in 1998 by the Geophysical
Division of Vietnam (Fig. 11a). RTP aeromagnetic data calculated using
inclination = 31◦ and declination = −0.7◦ is shown in Fig. 11b. Denoised
RTP aeromagnetic data using the modified non-local means algorithm is
shown in Fig. 11c. The parameters of MNLM are ds = 7, Ds = 15, h =
0.01 ∗min(max(the real data)).

Fig. 10. The geological map of the Tuangiao area and its surroundings (Koszowska et al.,

2007; Pham 2023).

Figure 12a displays the HGA map of the RTP aeromagnetic data for
Tuangiao. As illustrated in this image, the HGA method is primarily in-
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Fig. 11. a) Aeromagnetic data; b) RTP aeromagnetic anomaly; c) Denoised RTP aero-
magnetic data of the Tuangiao area (the parameters of MNLM are ds = 7, Ds = 15,
h = 0.01 ∗min(max(the real data)).

fluenced by significant amplitude anomalies, consequently rendering it inca-
pable of providing a dependable output for the structural configuration of
the studied area. Figure 12b presents the ASA map derived from the RTP
aeromagnetic data. It is evident that the ASA map is predominantly af-
fected by large amplitude anomalies, thereby failing to generate an accurate
depiction of the buried sources within the study area. Figure 12c displays
the result of the TA. One can see that the edges extracted by this filter
are diffused. Figure 12d displays the lateral boundary image calculated us-
ing the HGATA. The method fails to achieve an equalized representation
of magnetic causative sources, with the buried structures extracted from
HGATA exhibiting significant faintness. Figure 12e presents the structure
edges extracted by the TDX. In this case, the TDX detector generates spu-
rious edges. Figure 12f presents the borders generated from the TAHGA
approach. This method effectively creates an equalized image for the buried
source edges of the area studied. However, the lateral boundaries depicted
in the TAHGA map exhibit diffusion. Figures 12g and h depict the lat-
eral boundaries the ITDX and HGASTD estimated, respectively. Although
both filters are capable of generating structural images with relatively high
resolution, they result in intricate edge maps. The 2D and 3D theoretical
examples show that these filters bring spurious borders around and above
the buried structures. Figure 12i depicts the edges detected by the MHGA.
Similar to normalized detectors, the MHGA effectively normalizes anomalies
of varying amplitudes. Furthermore, the MHGA is capable of generating
product-structured images with high resolution. As demonstrated in the
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Fig. 12. Edge detection maps of data shown in Fig. 11c. a) HGA, b) ASA, c) TA,
d) HGATA, e) TDX, f) TAHGA, g) ITDX, h) HGASTD, i) MHGA.

MHGA map (Fig. 12i), the introduced filter facilitated the extraction of
a diverse array of structures within the Tuangiao area. A comparison be-
tween the proposed filter and the geological map (Fig. 10) reveals that the
boundaries delineated by the MHGA detector exhibit a strong correlation
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with the southeast-northwest trending structures prevalent in the Tuangiao
region.

In addition to detecting lateral boundaries, the depth determination
of causative structures is also valuable for interpreting aeromagnetic data
(Alvandi et al., 2022). In this work, we employed the tilt-depth method
to estimate the depth of the buried sources retrieved (Salem et al., 2008).
Figure 13a depicts the result of applying the tilt-depth method to the study
region. The rose diagram and histogram illustrating the calculated depths
are presented in Figs. 13b and 13c, indicating that 50% of the structures are
situated at depths ranging from 2 to 4 km. The predominant top depth of
the majority of edges varies between 1 and 12 km, exhibiting random dis-
turbances across the Tuangiao region. In Figure 13a, the edges are overlaid
on the tilt-depth map to facilitate detailed comparisons. The locations of
the buried source points demonstrate a significant correlation with the edges
extracted by the MHGA approach. Furthermore, numerous edges align with
geological features. Thus, through the integration of the processed results
from MHGA and the tilt-depth filter, both qualitative and quantitative in-
terpretations of the Tuangiao region can be conducted reliably.

Fig. 13. a) The depths calculated from the tilt-depth method (retrieved geological edges
from Fig. 12i are superimposed on the tilt-depth method result); (b) The rose diagram
derived from the tilt-depth method; (c) The histogram of the top depth calculated from
the tilt-depth method.
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5. Conclusions

A modified version of the HGA detector (MHGA), namely the modified hor-
izontal gradient amplitude, has been introduced to enhance the causative
source edges from potential field data more precisely. The proposed method-
ology has been validated utilizing synthetic gravity data generated from the
Bishop model, magnetic data simulated from an imposed prismatic model,
and real-world aeromagnetic data obtained from the Tuangiao region of
Vietnam. Comparative analysis reveals that the MHGA approach excels
in delineating the lateral boundaries present within gravity and magnetic
datasets with enhanced precision and resolution. Furthermore, it effectively
mitigates the occurrence of spurious edges while simultaneously highlighting
shallow and deep structures.
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Toktay H. D., Aydoğan D., Yüksel F. A., 2021: Quantitative analysis of total magnetic
anomaly maps on archaeological sites—Part 1. Math. Methods Appl. Sci., 44, 17,
13696–13710, doi: 10.1002/mma.7652.

Verduzco B., Fairhead J. D., Green C. M., Mackenzie C., 2004: New insights into magnetic
derivatives for structural mapping. Lead. Edge, 23, 2, 116–119, doi: 10.1190/1.16
51454.

Weihermann J. D., Ferreira F. J. F., Oliveira S. P., Cury L. F., de Souza J., 2018: Mag-
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