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Abstract: Gravity data edge detection methods play a crucial role in identifying the hor-

izontal positions of buried sources and enhancing the interpretation of subsurface struc-

tures. Among these methods, the Total Horizontal Gradient (THG) filter is widely used

due to its noise stability and straightforward formulation. However, the THG filter has

inherent limitations, prompting the development of refined edge detection techniques.

To address these shortcomings, various approaches based on local phase analysis or nor-

malized filters have been introduced, many of which incorporate the arctangent function

to combine horizontal and vertical gradients. While these methods improve edge detec-

tion, they also exhibit drawbacks, such as the generation of spurious edges and restricted

resolution. In this study, we propose the Modified Arctangent Function (MAT), which

enhances gravity source edge detection by integrating the total horizontal gradient with a

modified arctangent function. The effectiveness of the MAT filter is systematically eval-

uated against conventional filters that utilize the arctangent function and/or the total

horizontal gradient. Its performance is validated through synthetic gravity data tests,

both with and without noise contamination. To further assess its applicability, the MAT

filter is applied to high-resolution gravity data from the WGM2012 (World Gravity Map)

over the Rafsanjan Plain in Iran. Additionally, an approximated derivative calculation

method is incorporated to mitigate noise amplification during the derivative computation

process. The results from both synthetic and real data confirm that the MAT filter effec-

tively detects and delineates gravity anomalies, demonstrating its potential as a valuable

tool for geophysical interpretation.
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1. Introduction

Gravity method is valuable for solving a wide range of geological prob-
lems, including mineral exploration, fault mapping, and subsurface geolog-
ical modelling (Ekinci et al., 2023; Elhussein and Diab, 2023, 2025; Ai et
al., 2024a). Detecting the edges of causative sources is a crucial task in
gravity data interpretation (Saada et al., 2021, 2025; Hamimi et al., 2023;
Alvandi et al., 2023; Farhi et al., 2025). Gravity anomalies reflect the com-
bined effects of sources at various depths and positions, as well as sources
with differing density contrasts. As a result, the observed anomaly often
contains a mix of both weak and strong signal intensities within the same
dataset. Most existing edge detection methods are based on the vertical
and horizontal gradients of gravity data, but these techniques often suffer
from limitations, such as generating spurious edges, low resolution, and un-
balanced amplitude output (Ekwok et al., 2022a,b; Alvandi and Ardestani,
2023; Ai et al., 2024b, 2024c; Deniz Toktay et al., 2024; Alvandi et al., 2023,
2024, 2025; Eldosouky et al., 2022, 2024a,b; Pham et al., 2022; Pham and
Prasad, 2023; Ghiasi et al., 2023; Hosseini et al., 2024; Akpa et al., 2024).

One widely used approach is the Total Horizontal Gradient (THG) filter,
introduced by Cordell and Grauch (1985), which is a fundamental tool in
geophysical data interpretation. The THG is defined as:

THG =
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To overcome the limitations of the THG filter, local phase filters were in-
troduced to balance weak and strong signals from bodies at varying depths.
These filters often leverage directional derivatives and the arctangent func-
tion to enhance edge detection. Miller and Singh (1994) proposed the Tilt
Angle (TA) method, which combines the vertical gradient with the total
horizontal gradient of the gravity field:

TA = tan−1
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Cooper and Cowan (2006) introduced the Horizontal Tilt Angle (TDX)
method, which also uses the THG but inverts the ratio to delineate edges
more distinctly than the TA method:
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TDX = tan−1
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Despite their effectiveness, both the TA and TDX methods can generate
false edges in noisy data (Alvandi and Ardestani, 2023). To refine these
methods, Ferreira et al. (2013) proposed the Tilt Angle of the total Hori-
zontal Gradient (TAHG), which incorporates the directional derivatives of
the THG:

TAHG = tan−1
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The TAHG technique utilizes the directional derivatives of the total hor-
izontal gradient in conjunction with the arctangent function.

Ma et al. (2016) introduced the Improved Normalized Horizontal Gra-
dient (ITDX) method, which employs the second vertical derivative of the
gravity field to enhance edge detection and suppress noise:

ITDX = tan−1
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The second vertical derivative in Eq. (5) is calculated using Laplace’s
equation to reduce noise effects:

∂2G
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= −
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. (6)

Nasuti et al. (2019) proposed the Total Horizontal Gradient of the Second-
Order Tilt Derivative (THSTD) filter:

THSTD =
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, (7)

203



Wu F., Xu X.: An enhancement filter utilizing the modified arctangent . . . (201–221)

where

STD = tan−1
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In Equation (8), R represents the average value of the gravity field, and
the second derivative of G with respect to z, denoted as ∂2G/∂z2, is also
derived from Laplace’s equation. These evolving techniques highlight the
continuous effort to enhance edge detection accuracy, balancing the resolu-
tion of subtle features with robustness against noise.

2. Proposed technique

We here introduce a resolution filter that employs the Modified Arctangent
Function. This filter is based on the arctangent function, which plays a
crucial role in the design of edge detection filters, such as TA, TDX, TAHG,
ITDX, and THSTD. The proposed filter (MAT) is inspired by the tilt angle
of the total horizontal gradient filter developed by Ferreira et al. (2013)
and a recent work of Alvandi et al. (2025) and is formulated as a modi-
fied arctangent filter. The equation for the MAT technique is presented as
follows:

MAT =
2

π
tan−1(2E− 1) , (9)
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The amplitude peak of the introduced filter is situated at the edges of
the gravity anomaly. The filter’s amplitude ranges from −1 to +1 radians.
Unlike some edge detection filters, such as the THSTD filter, the MAT
filter does not require the specification of a parameter to enhance resolution.
Notably, the construction of MAT is similar to the Modified Gudermannian
Function (MGTHG) method presented within Alvandi et al. (2025) with the
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difference of the normalized term within the arctangent function. Therefore,
the two methods are capable of achieving similar performance for indicating
edges. The noise attenuation method within this study is different from
Alvandi et al. (2025).

3. Mitigating the effect of noise

The partial derivatives ∂G/∂x and ∂G/∂y are calculated using the finite
difference method. This study employs the effective approach introduced
by Tran and Nguyen (2020) to compute ∂G/∂z and ∂2G/∂z2, thereby mit-
igating the effects of noise, as noted by Oliveira and Pham (2022). In
the Cartesian coordinate system, let us consider the function as represent-
ing a potential field measured at a height, with the positive z-axis ori-
ented vertically downward. The upward continuation fields G(x, y, z−∆L),
G(x, y, z − 2∆L), G(x, y, z −m∆L), at the heights ∆L, 2∆L, ...,m∆L, with
n = m = 1, 2, 3...N , are described by Tran and Nguyen (2020):
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with n = 3, Eq. (11) becomes:
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Solving the equations above, the vertical gradients ∂G/∂z and ∂2G/∂z2

can be expressed as follows:










∂G

∂z
=

11G(x, y, z)− 18G(x, y, z −∆L) + 9G(x, y, z − 2∆L)− 2G(x, y, z − 3∆L)

6∆L

∂2G

∂z2
=

2G(x, y, z)− 5G(x, y, z −∆L) + 4G(x, y, z − 2∆L)−G(x, y, z − 3s∆L)

6∆L2

(13)

205



Wu F., Xu X.: An enhancement filter utilizing the modified arctangent . . . (201–221)

Similarly as in Tran and Nguyen (2020), the value of ∆L is typically
selected to be between 0.1 and 2 times the grid spacing, depending on the
quality of the gravity data. In instances where the data exhibits significant
levels of noise, the value of ∆L surpasses twice the grid spacing. In this
study, through trial-and-error, ∆L is defined as equal to the grid spacing
for noise-free data; however, for noisy data, it is set to three times greater
than the grid spacing.

In the following sections, the effectiveness of the proposed technique,
MAT, will be evaluated by comparing its results with those obtained from
other detectors, including THG, TA, TDX, TAHG, ITDX, and THSTD.

4. Synthetic examples

In order to assess the effectiveness of edge detection filters, both a two-
dimensional synthetic gravity model and a three-dimensional synthetic model
have been developed.

4.1. 2D model

To enhance the clarity of the proposed method’s efficacy, a two-dimensional
model was developed using sources with both positive and negative density
contrasts, as illustrated in Fig. 1. The gravity anomaly is depicted in Fig. 1a,
while Figs. 1b through 1h present various representations, including THG,
TA, TDX, TAHG, ITDX, THSTD, and MAT. Notably, MAT exhibits a
higher resolution in mapping all edges compared to the other methods,
and the proposed technique effectively avoids delineating false boundaries
between and around the causative sources.

4.2. 3D model

The effectiveness of the presented technique is evaluated using synthetic
gravity data, both with and without noise. The first scenario examines a
model featuring three causative sources, which are illustrated in perspective
and plan views in Fig. 2. Table 1 lists the characteristics of the buried
sources. Strikes of the three bodies are 45 degrees. The algorithm developed
by Rao et al. (1990) was employed to calculate the gravity anomalies of these
bodies at observation points measuring 121 km by 121 km, with a sampling
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Fig. 1. Two-dimensional gravity model with positive and density contrasts: a) Gravity
anomaly, b) THG, c) TA, d) TDX, e) TAHG, f) ITDX, g) THSTD, and h) MAT.

Fig. 2. A three-dimensional representation (a) of the gravity model; a plan view (b).
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interval of 1 km.

Table 1. Geometric parameters and designations of the synthetic gravity sources.

Parameters/Label G1 G2 G3

The center x coordinate (km) 30 60 90

The center y coordinate (km) 60 60 60

The source width (km) 8 8 8

The source length (km) 50 60 50

Depth to the top of the source (km) 2 1 1.8

Density contrast (kg/m3) 100 −200 300

The gravitational anomaly of the synthetic model is illustrated in Fig. 3a.
The results of applying various edge detection methods to this anomaly are
shown in Figs. 3b–3h. The THG method (Fig. 3b) highlights the large am-
plitude responses from the shallow sources G3 and G2, but the boundaries
of the deeper source G1 are poorly resolved, with low-definition edges. The
TA map (Fig. 3c) struggles to delineate horizontal boundaries, introducing
spurious edge information around source G2. The TDX filter (Fig. 3d) suc-
cessfully maps all source boundaries but produces diffuse edges and false
boundary artefacts around structures. Similarly, the TAHG filter (Fig. 3e)
captures edges at varying depths but yields low-resolution results. The
ITDX filter (Fig. 3f) weakly represents source edges and generates false
boundaries around source G2, while the THSTD filter (Fig. 3g) reveals
sharp anomaly boundaries but similarly introduces false contours. In con-
trast, the MAT filter (Fig. 3h) accurately delineates all source boundaries
with high resolution, effectively capturing both shallow and deep structures
without generating artificial edges.

In the second scenario, the data is contaminated with 3% Gaussian noise.
To assess the sensitivity of edge detection methods based on directional
derivatives, noise reduction techniques are deliberately omitted to examine
the direct impact of noise. The results of edge detection using noisy data
are illustrated in Fig. 4. The THG method exhibits lower sensitivity to
noise, as it relies solely on the horizontal derivative in its equation. How-
ever, this approach fails to detect the edges of deeper sources. In contrast,
the TA and TDX methods show higher sensitivity due to their inclusion
of the vertical derivative, which enhances source localization but intro-
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Fig. 3. a) Gravity anomaly of the synthetic model, b) THG, c) TA, d) TDX, e) TAHG,
f) ITDX, g) THSTD, and h) MAT (black lines indicate the actual edges).
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Fig. 4. a) Noisy gravity anomaly of the synthetic model, b) THG, c) TA, d) TDX,
e) TAHG, f) ITDX, g) THSTD, and h) MAT (black lines indicate the actual edges).
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duces numerous spurious edges that complicate interpretation. Notably,
the boundary of the negative density source appears excessively large and
displaced from its actual position. The TAHG method, despite the absence
of spurious edges, remains highly sensitive to noise because its equation
incorporates directional derivatives of the total horizontal gradient. Conse-
quently, noise suppression techniques are crucial before applying this filter
to field data. Similarly, the ITDX and THSTD methods, which involve
second-order derivatives, are highly susceptible to noise, making it difficult
to distinguish true source boundaries, even when preliminary information
about their locations is available. As a result, these methods not only pro-
duce false edges in noise-free conditions but also perform poorly in noisy
environments. Although the proposed MAT filter successfully delineates the
three-source edges, it also exhibits noise sensitivity. Therefore, to achieve
optimal results, noise reduction techniques should be applied prior to edge
detection.

In the third scenario, the method introduced by Tran and Nguyen (2020)
is employed to mitigate the effects of noise. The first and second-order or-
thogonal derivatives have been calculated using this technique. The results
of edge detection on noisy data demonstrate the effectiveness of the pro-
posed MAT technique in identifying edges (Fig. 5). In fact, similar to the
scenario with noise-free data, if we have high-quality data that is free of
noise, we can generate a high-quality map.

5. Real world example

The enhancement and delineation of the edges of anomalous sources play
a fundamental role in interpreting potential field data. When discussing
the edges of buried sources, this typically refers to fault lines and geological
boundaries or rock units that exhibit varying magnetic properties or density
contrasts. Consequently, selecting a practical field case that accounts for
these conditions is particularly important. For this purpose, the Rafsanjan
Plain region has been chosen for analysis due to the presence of various faults
at different depths, which allows for the evaluation of edge-determination
filters. In this study, the positions and locations of potential geological
structures are identified using both conventional edge-determination filters
and the proposed filter.
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Fig. 5. a) Noisy gravity anomaly of the synthetic model; determining the edge after
applying the noise reduction method using the following techniques: b) THG, c) TA,
d) TDX, e) TAHG, f) ITDX, g) THSTD, and h) MAT (black lines indicate the actual
edges).
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5.1. Geology of Rafsanjan Plain

The study area of the Rafsanjan Plain is located in the Posht Badam
block. A notable characteristic of this block is the presence of metamor-
phic outcrops dating back to the Precambrian era, which primarily consist
of volcanic, volcanic-clastic, and pyroclastic rocks, as well as calcareous and
dolomitic marbles. The magmatic rocks in this block extend beyond the
Precambrian; the Late Precambrian to Early Cambrian sequences are asso-
ciated with alkaline lavas of rift origin. It appears that the phenomenon of
rifting, characterized by the opening and formation of an ocean, is a defin-
ing feature of this block. In this region, Upper Paleozoic to Jurassic rocks
are distributed in a limited manner and have undergone metamorphism. It
seems that the recurrence of metamorphic processes during the Late Pre-
cambrian, Late Triassic, and Middle Jurassic periods may still characterize
these rocks (Hosseininia and Hassanzadeh, 2023). The study area has been
selected from the previously mentioned block. This region contains deep,
well-documented faults that can serve as a valuable resource for evaluating
the effectiveness of edge detection filters. The study area is located between
55◦ and 56◦ East longitude and 30◦ and 31◦ North latitude. Four promi-
nent faults—Rafsanjan (RF), Anar (AF), Shahrbabak (SF), and Davaran
(DF)—are found within this region (Fattahi et al., 2011). The geological
map of the study area is illustrated in Fig. 6.

To evaluate the performance of edge detection filters on real data, grav-
ity data were extracted and analysed from the WGM2012 global model
(Bonvalot et al., 2012). This model is a widely recognized reference, provid-
ing high-quality, freely accessible Earth gravity data through the website
(https://bgi.obs-mip.fr/). The Bouguer gravity anomaly map of the
study area, measured in milligals, is shown in Fig. 7a. Consistent with
the approach used for synthetic data, edge detection filters were applied to
enhance the interpretability of the field anomaly map. The approximated
derivative calculation method introduced by Tran and Nguyen (2020) is also
employed to suppress the amplified short-wavelength anomalies during the
derivative calculation process, resulting in a more coherent edge detection
map for analysis.

The results of applying various edge detection methods — including
THG, TA, TDX, TAHG, ITDX, THSTD, and the proposed MAT filter
— are presented in Figs. 7b–7h. The THG method proves ineffective in
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Fig. 6. Geological map of the study area, showing coverage of the most important struc-
tural and tectonic features (Richards and Sholeh, 2016).

accurately identifying the locations of deep faults. The TA map fails to
delineate sharp or distinct boundaries, while the TDX map successfully
highlights fault locations but suffers from the drawback of interconnected,
indistinct edges. The TAHG map outlines the fault edges, but with in-
sufficient resolution. Similarly, the ITDX and THSTD methods identify
fault locations, yet the presence of spurious contours complicates accurate
interpretation. In contrast, the results obtained using the proposed MAT
filter (Fig. 7) demonstrate its effectiveness in accurately delineating pri-
mary faults and other subsurface structures with satisfactory resolution.
The filter integrated with the approximated derivative calculation method
is capable of balancing edge sharpness and noise suppression, making it a
powerful tool for interpreting complex gravity anomaly maps.

6. Discussion

As previously mentioned, the derivative calculation process amplifies short-
wavelength noise, which can degrade edge-detection maps and hinder the
extraction of useful structural information. To mitigate this issue, various
methods have been introduced. These include finite difference-based tech-
niques for vertical derivative computation, such as the backward finite dif-
ference method (Florio et al., 2006), the fourth-order Tran-Nguyen formula
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Fig. 7. a) Gravity anomaly of the real model extracted from WGM2012; b) THG; c) TA;
d) TDX; e) TAHG; f) ITDX; g) THSTD; and h) MAT (white lines indicate the major
faults: Sharbabak (SF), Anar (AF), Rafsanjan (RF), and Davaran (DF)).
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(Tran and Nguyen, 2020), and the β-vertical derivative (β-VDR) technique
(Oliveira and Pham, 2022). Additionally, noise suppression techniques ap-
plied before gradient calculation, such as the Non-Local Means (NLM) filter
and the Modified Non-Local Means (MNLM) filter (Ai et al., 2023), have
been proposed. In this study, we adopted the method proposed by Tran
and Nguyen (2020) to address noise amplification. However, the selection
of optimal or quasi-optimal parameters still relies on a classical trial-and-
error approach. Future research will focus on developing automated or more
objective strategies for determining these controlling parameters.

Moreover, the results obtained from the newly proposed edge enhance-
ment method can be used to effectively constrain the horizontal distribution
of solutions derived from tilt depth (TD) and Euler deconvolution (ED),
providing an estimate of the vertical position of buried structures. ED was
initially introduced by Thompson (1982) and later generalized to gridded
magnetic data by Reid et al. (1990). Early ED algorithms employ a moving
window that scans the dataset to estimate depths but often produce a high
number of spurious solutions. The successful application of ED depends on
effectively distinguishing meaningful results from unphysical solutions, as
well as selecting appropriate structural indices and window sizes. The TD
method (Salem et al., 2007; Oruç, 2011) is also well established for estimat-
ing the top depths of target structures without requiring prior knowledge of
the source’s structural index. However, TD can yield inaccurate depth esti-
mates due to noise in the field data, strong geophysical property contrasts,
or the complex shapes of buried structures. To improve the reliability of
depth estimation and achieve the horizontal and vertical estimations simul-
taneously, future work will focus on integrating the newly proposed edge
detector with TD and ED methods (Castro et al., 2020).

7. Conclusion

Identifying the edges of gravity anomalies is a critical component of geo-
physical data interpretation, as it helps define the boundaries of subsurface
structures and improves overall geological understanding. In this study,
we introduced the Modified Arctangent Function (MAT) filter, which inte-
grates the total horizontal gradient with a modified arctangent function to
enhance gravity source edge detection. The MAT filter was systematically
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evaluated against existing edge detection methods that rely on the arctan-
gent function and/or the total horizontal gradient. Its performance was as-
sessed using both noise-free and noise-contaminated synthetic gravity data
to ensure its robustness under different data conditions. To mitigate the
issue of noise amplification, which commonly affects derivative-based edge
detection methods, we incorporated an approximated derivative calculation
technique. This procedure helps stabilize the results and improves the clar-
ity of detected boundaries, making the method more effective for real-world
applications. The filter was then applied to high-resolution gravity data
from the WGM2012 (World Gravity Map) over the Rafsanjan Plain in Iran,
an area known for its complex subsurface structures. The results demon-
strate that the MAT filter successfully delineates gravity anomaly edges
with improved accuracy and resolution compared to conventional methods.

Overall, the MAT filter combined with an approximated derivative calcu-
lation technique provides a reliable and effective tool for gravity data inter-
pretation, offering enhanced boundary detection while maintaining robust-
ness against noise. Its ability to accurately highlight subsurface structures
makes it highly applicable to a wide range of geophysical studies, including
mineral exploration, fault mapping, and subsurface geological modelling.
Future research could further refine the method by integrating more ad-
vanced noise suppression techniques and combining it with representative
depth estimation methods for generating more reliable horizontal and ver-
tical estimations.
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