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ABSTRACT One of the primary goals in interpreting potential field data is to delineate the horizontal 
boundaries of subsurface geological structures. Edge detection in this context involves 
using various filters designed to identify edges through the directional gradients of the 
potential field. However, traditional filters often face challenges such as low resolution, 
false edge generation, and dependence on depth information. This study introduces 
an innovative filter that combines the total horizontal gradient with the modified 
Gudermannian function to enhance the accuracy and clarity in horizontal boundary 
detection. The effectiveness of this new filter is validated through the analysis of 
both synthetic data sets and a real case study from Georgia, USA. To reduce noise in 
both synthetic and real models, vertical gradients are calculated using the stable and 
effective α-vertical gradient ratio technique. The results indicate that the proposed filter 
successfully generates high-resolution pseudo-boundary maps and produces superior 
outcomes.
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1. Introduction

Edge enhancement techniques are pivotal in geophysical data analysis, particularly in the 
interpretation of potential field data such as gravity and magnetics. These methods aim to 
sharpen the boundaries and highlight the edges of subsurface geological structures, making them 
more distinct and easier to identify. By applying various filters and mathematical algorithms, 
edge enhancement techniques enhance the resolution of geophysical data, allowing for more 
accurate delineation of geological features that may otherwise be obscured or indistinct. These 
techniques are essential for applications used in mineral exploration, oil and gas prospecting, and 
environmental studies, that provide critical insights into the hidden complexities of the Earth’s 
subsurface. In recent years, edge enhancement methods for gravity and magnetic data have 
been widely used to investigate subsurface structures, providing crucial insights into geological 
features that may not be easily discernible through conventional potential field interpretational 
techniques (Alvandi et al., 2022a; Ai et al., 2024). Edge detection filters are frequently employed 
in the interpretation of potential field anomalies to delineate regional-scale geological structures 
(e.g. Nabighian, 1984; Roest et al., 1992; Fedi and Florio, 2001; Ekinci and Yigitbas, 2015; Pal et 
al., 2016; Cooper, 2020; Deniz Toktay et al., 2021a, 2021b; Eldosouky et al., 2021; Narayan et al., 
2021; Alvandi et al., 2022b; Sahoo et al., 2022; Al-Bahadily et al., 2023; Alvandi and Ardestani, 
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2023; Pham and Prasad, 2023; Ai et al., 2024a; Alvandi and Motavalli-Anbaran, 2024; Deniz 
Toktay et al., 2024).

However, traditional filters often face several significant challenges, including low resolution, 
which can obscure the fine details of the subsurface structures. This lack of clarity can lead to the 
misinterpretation of geological features. Additionally, these filters are prone to generating false 
edges, which can create misleading artefacts in the data and further complicate the interpretation 
process. Another critical limitation is given by their reliance on depth information, which can 
introduce inaccuracies, especially in areas with a complex geology. These issues underscore 
the need for advanced filtering techniques that can provide higher resolution, minimise false 
positives, and offer reliable detection of horizontal boundaries without being overly dependent 
on depth data. Addressing these challenges is crucial for improving the accuracy and effectiveness 
of potential field data analyses in geological studies (Eldosouky et al., 2022; Prasad et al., 2022a, 
2022b, 2022c; Alvandi and Ardestani, 2023; Ai et al., 2024b; Deniz Toktay et al., 2024).

2. Edge detection filters

Cordell and Grauch (1985) identified horizontal boundaries by using the Total Horizontal 
Gradient (THG) method. In the THG filter, the horizontal boundaries of the potential field sources 
display the highest values. The THG can be expressed as follows:

(1)

The partial derivatives of the reduced-to-the-pole (RTP) magnetic and gravity data in the x- 
and y-directions are denoted as ∂F/∂x and ∂F/∂y in Eq. (1), in which F is the field function. A 
significant limitation of the THG filter is its weak delineation of deep boundaries (Saibi et al., 
2012; Prasad et al., 2022c; Alvandi et al., 2023a; Pham et al., 2023; Deniz Toktay et al., 2024). 
To address this issue, local phase filters or normalised filters have been developed. In this study, 
filters developed on the basis of the THG concept are presented.

One such filter is the Tilt Angle (TA), also known as the tilt derivative, which normalises the 
vertical derivative using horizontal derivatives. The TA can be expressed as follows (Miller and 
Singh, 1994):

(2)

In Eq. (2), ∂F/∂z represents the vertical gradient of the field. While the TA can detect anomalies 
at different depths, it does not provide distinct signals over horizontal boundaries (Eldosouky et 
al., 2022).

Verduzco et al. (2004) demonstrated that employing the maximum amplitude of the THG of 
the TA (THGTA) is more effective and accurate in delineating horizontal boundaries compared to 
the THG and TA (Verduzco et al., 2004). The THGTA is expressed as:
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(3)

Cooper and Cowan (2006) introduced an improved version of the THG known as the 
normalised Total Horizontal Gradient (TDX) filter. This filter normalises the THG by using the 
vertical gradient and identifies the maxima along the horizontal boundaries of the body. The TDX 
is expressed as follows:

(4)

Additionally, Cooper and Cowan (2006) introduced another filter called the Hyperbolic Tilt 
Angle (HTA) procedure, as defined by Eq. (5), where the maximum amplitude aligns with the 
horizontal boundaries of the causative source. The HTA is expressed as follows:

(5)

In Eq. (5), ℜ denotes the real component of the hyperbolic tangent function.
Tatchum et al. (2011) proposed an improved version of the THG (ITHG) method, which 

integrates second-order gradients of gravity and magnetic data to improve the resolution of 
edge detection maps. The approach is calculated using the following relation:

,                           (6)

where  and  are the vertical gradients of the potential field in the x and y directions. 
The maximum value of the ITHG represents the anomaly edges. Ferreira et al. (2013) proposed 
another filter to represent horizontal boundaries, referred to as the TATHG. This approach can be 
computed using the following formula:

(7)

In Eq. (7), , , and  are gradients of the THG in the directions x, y, and z, respectively. 
The TATHG delineates the demarcation between shallow and deep structures. Nevertheless, 
the resolution at the edges of the TATHG map is limited (Alvandi and Ardestani, 2023). To 
improve the resolution of edge detection maps, Ibraheem et al. (2023) introduced a filter that 
utilises user-defined parameters to produce clearer signals and enhance resolution. This filter, 
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known as the THG of the Modified Hyperbolic Tangent (MTH) function, can be expressed as 
follows:

(8)

where the MTH is given by:

(9)

In Eq. (9),  and  are horizontal derivatives of the TDX,  is the vertical derivative of 
the , and M represents the average value of the gravity and magnetic fields. In Eq. (9), the 
Laplace relation is employed to compute  with the purpose of attenuating noise effect:

(10)

Alvandi et al. (2023a) introduced the hyperbolic domain technique, also known as the 
Gudermannian Function (GF) technique. This approach is formulated using the GF and the 
second-order gradient of the field. The GF is defined as follows:

(11)

where

(12)

In Eq. (12),  and  are the horizontal gradients in the z direction. parameter M varies 
between 0.5 and 8, and its determination is subject to the interpreter’s discretion. In order to 
facilitate a more effective comparison between the GF filter and its modified version, this study 
will analyse the minimum, recommended, and maximum M values as presented by Alvandi et 
al. (2023a).
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3. The Modified Gudermannian Function (MGTHG)

This study introduces an advanced filter, with high-resolution capabilities, that leverages 
the Modified GF [MGTHG: Nayak and Pal (2019)] to delineate the horizontal boundaries of 
potential field sources across various depths. The MGTHG enhances the accuracy of boundary 
detection by refining the resolution of potential field data. The inverse tangent function, which 
shares similarities with the MGTHG, is frequently used for delineating horizontal boundaries 
in gravity and magnetic field data. This function plays a crucial role in several existing filters, 
including the TA filter (Miller and Singh, 1994), the TDX filter (Cooper and Cowan, 2006), the 
TATHG filter (Ferreira et al., 2013), and the GF filter (Alvandi et al., 2023a), among others. 
The primary foundation of the MGTHG method is based on research conducted by Ferreira et 
al. (2013). This technique combines the strengths of previous methods to provide improved 
resolution and more precise delineation of horizontal boundaries in potential field data. The 
filter is defined as:

(13)

The primary goal of the proposed filter is to identify regions with abrupt changes in density or 
magnetisation. The peaks of the MGTHG filter effectively delineate the boundaries of anomalous 
bodies. The amplitude of the MGTHG ranges from -1 to +1 radians. A significant advantage of 
the MGTHG filter is its ability to precisely and sharply define boundaries. Unlike many new high-
resolution filters, the resolution of the MGTHG results remains consistent and does not depend 
on user-selected parameters (Prasad et al., 2022a, 2022b; Alvandi and Ardestani, 2023; Alvandi 
et al., 2023a, 2023b; Ibraheem et al., 2023; Pham, 2023).

4. Mitigating the effect of noise

Horizontal gradients are calculated in the spatial domain through the application of finite 
difference methods (Ekinci et al., 2013, 2020). This study utilises the α-Vertical Gradient Ratio 
(αVGR) technique to compute vertical gradients, employing a finite difference formula to mitigate 
the effects of noise (Oliveira and Pham, 2022).

(14)

where e1, …, e5 are provided by:
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(15)

Moreover, THG(hi) is the data upward continued to hi=d0−α Δh−(i−1) Δh for 1≤i≤5, and d0 is 
the observation plane height. In this case, we followed the recommendation of Oliveira and 
Pham (2022) and used α=30 and ∆h=0.1 of grid spacing. Refer to Oliveira and Pham (2022) for 
more details of the αVGR method.

In the following sections, the efficacy of the proposed filter will be evaluated by comparing 
its outcomes with those achieved by other filters, including THG (Cordell and Grauch, 1985), TA 
(Miller and Singh, 1994), THGTA (Verduzco et al., 2004), TDX (Cooper and Cowan, 2006), HTA 
(Cooper and Cowan, 2006), ITHG (Tatchum et al., 2011), TATHG (Ferreira et al., 2013), THGMTH 
(Ibraheem et al., 2023), and GF (Alvandi et al., 2023a). Additionally, the GF is configured with a 
minimum value of 0.5, a proposed value of 1.5, and a maximum value of 8 (Alvandi et al., 2023a). 
The kernel of the proposed filter is based on the THG. Consequently, the previously discussed 
filters are introduced to facilitate comparison and demonstrate the effectiveness of the newly 
proposed technique.

5. Application on synthetic models

The effectiveness of the proposed approach, along with other edge detection methods, is 
assessed through the analysis of synthetic magnetic and gravity data under various conditions, 
including both noisy and noise-free scenarios. The first scenario involves a model with four 
buried sources, illustrated in both perspective and plan views in Figs. 1a and 1b. The gravity 
anomalies of these prisms were calculated using the algorithm developed by Rao et al. (1990), 
with observation points spaced 1 km apart over a 251×251 km2 area, as shown in Fig. 1c, and 
the synthetic anomaly with 3% added Gaussian noise is represented in Fig. 1d. The detailed 
description of the parameters attributed to the buried bodies is presented in Table 1.

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

 Parameters/Label G1 G2 G3 G4

 The centre x coordinate (km) 50 125 200 125

 The centre y coordinate (km) 50 125 200 125

 The prism width (km) 50 80 50 30

 The prism length (km) 50 80 50 30

 Depth to the top of the prism (km) 4 3 1 2

 Depth to the bottom of the prism (km) 5.5 4 2.5 2.5

 Density contrast (g/cm3) 0.5 -0.8 0.5 0.8

 Strike azimuth (degree) 0 0 0 90
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5.1. Gravity model (without noise)

Fig. 2a shows the boundaries detected using the THG technique on the anomaly depicted 
in Fig. 1c. The results highlight that the large-amplitude responses from shallow source G3 
significantly impact the THG, making its boundaries more pronounced, whereas the boundaries 
of the deeper source are notably less defined. The boundary of source G4 also appears blurred 
compared to source G2, which is attributed to its smaller amplitude. Fig. 2b presents the TA map 
for the gravimetric anomaly. The TA detector has limitations in accurately defining horizontal 
boundaries, resulting in spurious edge information around source G2 and within source G4. Fig. 
2c illustrates the boundaries detected with the THGTA filter. This method clearly outlines the 
boundaries of two shallow sources but shows blurred edges for deeper sources. It also introduces 
some false borders. Fig. 2d shows the edge detection results using the TDX detector. While this 
method effectively outlines all edges, it tends to produce broad boundaries for source G4 and 
some spurious edge information near other sources. Fig. 2e depicts the edges identified by the 
HTA detector. The boundaries are faint, with visible spurious edges in the resulting image. Fig. 
2f illustrates the results from the ITHG filter. The boundaries of source G3 is well defined, but 
the edges of sources G1, G2, and G4 appear blurred. Fig. 2g presents the results of the TATHG 
filter. Although it can simultaneously map edges at various depths, the resolution of the resulting 
edge image is relatively low. Fig. 2h displays the boundaries identified by the THGMTH detector. 
This method provides a clear representation of boundaries but also generates spurious and false 
borders around sources G1, G2, and G3. Figs. 2i, 2j, and 2k illustrate the boundaries delineated 

Fig. 1 - a) The gravity model in three dimensions (3D); b) plan view; c) corresponding gravity anomaly; d) noisy gravity 
anomaly. In panel c, the dashed red line represents profile C-D across the synthetic gravity model, while the dashed 
black lines indicate the actual horizontal boundaries.
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using the GF technique with M values of 0.5, 1.5, and 8, respectively. Although the GF method 
provides a high-resolution representation of boundaries, it also produces spurious borders 
surrounding source G3 and results in a faint or poorly defined boundary for other sources. As 
parameter M increases, the borders become fainter, and no edge is delineated for G1. Fig. 2l 
illustrates the boundaries identified using the MGTHG technique, which, by providing high-
resolution detection of all edges without generating false boundaries, offers a distinct advantage 
over the THGMTH, GF, and TATHG methods. To further clarify the effectiveness of the proposed 
method, a two dimensional cross-section was created.

Fig. 3a presents the gravity data along the C-D profile, while Figs. 3b to 3m display various 
representations, including THG, TA, THGTA, TDX, HTA, ITHG, TATHG, THGMTH, GF (M=0.5), GF 
(M=1.5), GF (M=8), and MGTHG. In the GF method, an increase from 0.5 to 8 in the M parameter 
results in the elimination of false boundaries. However, the boundaries of other structures either 
remain unrepresented or are depicted with diminished clarity. Notably, the MGTHG method 

Fig. 2 - Horizontal boundaries were determined by mapping the data in Fig. 1c: a) THG; b) TA; c) THGTA; d) TDX; e) HTA; 
f) ITHG; g) TATHG; h) THGMTH; i) GF (M=0.5); j) GF (M=1.5); k) GF (M=8); and l) MGTHG (the actual boundaries are 
indicated with dashed black lines).



9

Enhancement of the total horizontal gradient of gravity and magnetic data Bull. Geoph. Ocean., XX, XXX-XXX

exhibits enhanced resolution in mapping all boundaries when compared to alternative techniques 
and effectively avoids the generation of false boundaries both within and surrounding the buried 
bodies.

5.2. Gravity model (with noise)

In the second scenario, the sensitivity of the detectors to Gaussian noise was assessed by 
evaluating their response to the noisy anomaly shown in Fig. 1d. This noise, with an amplitude of 

Fig. 3 - Two dimensional cross section (Fig. 1c) constructed from the model: a) gravity anomaly; b) THG; c) TA; d) 
THGTA; e) TDX; f) HTA; g) ITHG; h) TATHG; i) THGMTH; j) GF (M=0.5); k) GF (M=1.5); l) GF (M=8); and m) MGTHG.
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3% of the anomaly amplitude, was added to the anomalies in Fig. 1c. The horizontal boundaries 
identified by various detectors, including THG, TA, THGTA, TDX, HTA, ITHG, TATHG, THGMTH, 
GF (M=0.5, M=1.5, and M=8), and MGTHG, are illustrated in Figs. 4a to 4l. The THG detector, 
based on horizontal gradients, shows decreased susceptibility to noisy data compared to other 
detectors. However, it is still affected by the shallow anomalies associated with structure G1 (Fig. 
4a). Fig. 4b presents anomalies computed using the TA detector. While the TA detector provides a 
balanced image for all sources, it introduces artefacts around source G2 and within source G4. The 
effectiveness of the THGTA detector is reduced when delineating the boundaries of sources G1, 
G2, G3, and G4, with the edges in the THGTA map exhibiting significant blurring, as shown in Fig. 
4c. Fig. 4d illustrates the edges generated by the TDX approach. This method effectively produces 
balanced images of the source edges; however, the boundaries in the TDX map appear diffuse, 

Fig. 4 - Horizontal boundary determination maps of data in Fig. 1d: a) THG; b) TA; c) THGTA; d) TDX; e) HTA; f) ITHG; 
g) TATHG; h) THGMTH; i) GF (M=0.5); j) GF (M=1.5); k) GF (M=8); and l) MGTHG (the actual boundaries are indicated 
with dashed black lines).
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leading to the generation of false borders around structures G1, G2, and G3, as well as within 
source G4. Fig. 4e shows the boundaries identified using the HTA method. The detector faintly 
delineates the boundaries of sources G1, G2, and G3, while omitting the boundary of G4. Fig. 4f 
presents the results of the ITHG analysis, demonstrating that the large signals from the shallow 
body G1 dominate the ITHG map, causing the boundaries of the deeper bodies to appear blurred. 
Fig. 4g shows the edges extracted using the TATHG method, which creates balanced boundaries for 
buried sources; yet, the horizontal boundaries in the TATHG map appear diffuse. Fig. 4h displays 
anomalies detected by the THGMTH detector, which, using second-order vertical data derivatives, 
is more noise-sensitive than other detectors. Although this method outlines the borders of buried 
sources, the map contains numerous false and inaccurate borders. Figs. 4i, 4j, and 4k illustrate the 
boundaries identified using the GF method, which provides a clear output with high resolution. 
However, the borders of sources G1, G2, and G3 are not fully represented. Fig. 4l illustrates the 
edges identified by the proposed MGTHG detector. Notably, the MGTHG detector effectively 
detects all edges even in the presence of noise, without producing false edges around or above the 
sources. In this scenario, the MGTHG detector consistently produces high-resolution edge images.

5.3. Magnetic model (without noise)

In the third scenario, a magnetic anomaly pattern comprising 10 prisms was considered. The 
characteristics of these sources are detailed in Table 2. Fig. 5a presents a perspective view of the 
structures, while Fig. 5b shows the plan view of the sources. Additionally, Fig. 5c illustrates the 
magnetic effects produced by these sources, calculated on a square grid with a cell size of 1×1 
km2. Observations were collected over an area of 251×251 km2 using the algorithm proposed by 
Rao and Babu (1991). The detectors used in the synthetic gravity example were also employed 
in this scenario. 

Fig. 5 - a) The magnetic model in 3D; b) plan view; c) corresponding magnetic anomaly; and d) noisy magnetic anomaly 
(the actual horizontal boundaries are represented with dashed black lines in panel c).
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Table 2 - Geometric parameters and designations of the synthetic magnetic sources.

 Parameters/Label M1 M2 M3 M4 M5 M6 M7 M8 M9 M10

 The centre x coordinate (km) 50 100 150 60 60 100 150 150 220 220

 The centre y coordinate (km) 50 35 55 140 140 220 150 150 120 120

 The prism width (km) 70 21 18 31 100 120 10 31 8 45

 The prism length (km) 8 41 55 31 90 8 10 29 150 220

 Depth to the top of the prism (km) 3 5 5 3 5 3 4 4 3 4

 Depth to the bottom of the prism (km) 8 8 8.5 8 11 9.5 7 10 7.5 9

 Magnetisation (A/m) -1.35 1.30 -1.25 -1.40 1.30 -1.30 -1.25 -1.45 1.25 -1.30

 Strike azimuth (degree) -45 90 0 45 0 15 0 0 0 0

Fig. 6 - Horizontal boundary determination maps of data in Fig. 5c: a) THG; b) TA; c) THGTA; d) TDX; e) HTA; f) ITHG; 
g) TATHG; h) THGMTH; i) GF (M=0.5); j) GF (M=1.5); k) GF (M=8); and l) MGTHG (the actual boundaries are indicated 
with dashed black lines).
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Fig. 6a displays the outcomes obtained from the THG technique. The analysis shows that the 
predominant signals associated with sources M1, M4, M6, and M9 are prevalent in the results of 
both approaches, while the delineations of the other sources appear blurred. Fig. 6b displays the 
boundary map generated using the TA approach. In this representation, the boundary of source 
M8 is not drawn, and false edges are observed in the delineation of the boundaries surrounding 
sources M4 and M9. Fig. 6c illustrates the THGTA map. This filter proves to be insufficient in 
effectively balancing signals originating from different sources at varying depths. Similarly, to 
the previous case, the edge determination map exhibits a blurred appearance. Fig. 6d shows the 
boundaries determined by applying the TDX detector to the magnetic data in Fig. 5c. Although 
this method can map all source boundaries, it generates false edge information between or 
around sources M1, M2, M3, and M6, resulting in diffuse borders. Additionally, the border of 
the M8 source has not been depicted. Fig. 6e depicts the results of edge detection employing 
the HTA filter. The boundaries of structures M2, M3, and M8 exhibit indistinctness, while other 
structures remain unresolved. Additionally, a spurious border is delineated around sources 
M4 and M9. Fig. 6f illustrates the boundary delineated by ITHG. In this case, the efficacy of 
this filter is unsatisfactory. While the boundaries of sources M1, M4, M6, and M9 are distinctly 
outlined, the depiction of the other sources appears blurred. Fig. 6g presents the boundaries 
calculated using the TATHG detector, which can simultaneously map boundaries at different 
depths. Despite its effectiveness in mapping all boundaries, the edge image resulting from the 
TATHG has low resolution. Fig. 6h illustrates the boundaries identified through the application 
of the THGMTH detector to the magnetic data depicted in Fig. 5c. The figure demonstrates that, 
although the THGMTH method produces a high-resolution representation of the boundaries, it 
also introduces spurious borders between and around all buried sources. Fig. 6i illustrates the 
edge determination map generated using the GF filter with a parameter value of M=0.5. This 
map effectively highlights the horizontal edges of all buried sources. However, false edges are 
detected on the left side of source M5 and around sources M4, M7, M8, and M9. Fig. 6j presents 
the edge determination map using the GF filter with M=1.5, which also highlights the horizontal 
edges of all buried sources. Nonetheless, a false edge is detected on the left side of source M5. 
Ultimately, Fig. 6k shows the edge determination map using the GF filter with M=8. This filter 
exhibits significant limitations in accurately delineating the boundaries of the causative bodies, 
resulting in a weak representation of their edges. Fig. 6l presents the edges detected by the 
MGTHG filter. Similarly to the GF filter, the MGTHG filter provides higher resolution boundaries 
compared to the other detectors. However, unlike the GF, the MGTHG method can map all body 
boundaries without introducing false edges. 

5.4. Magnetic model (with noise)

In the fourth scenario, an analysis was conducted to assess the sensitivity of the proposed 
detectors and that of others to noise (Fig. 5d). This noise is of Gaussian type, with an amplitude 
of 3% of the anomaly amplitude from the anomalies in Fig. 5c. 

Fig. 7a depicts the delineated boundaries derived from the THG detector. The THG detector 
utilises horizontal gradients of magnetic data, which makes it less susceptible to noise compared 
to other detectors, as reported by Saibi et al. (2019). Nevertheless, this detector remains 
significantly affected by the large signals from shallow sources M1, M4, M6, and M9. Fig. 7b 
illustrates the outcomes of edge detection employing the TA filter. The horizontal boundary 
of source M8 appears indistinct, and spurious boundaries are delineated around sources M4 
and M9. In Fig. 7c, the THGTA filter exhibits limitations in accurately detecting the horizontal 
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boundaries of buried sources. It lacks the capability to differentiate between the horizontal 
boundaries of sources at varying depths, resulting in inaccuracies in border mapping and in the 
production of a blurred map. Fig. 7d illustrates the outcomes of edge determination utilising the 
TDX filter. The map does not depict the edge of source M8 and displays false borders that may 
lead to misinterpretation. Fig. 7e illustrates the outcomes of edge detection using the HTA filter, 
where the horizontal boundaries of the sources appear faint, and spurious and supplementary 
borders are observable on the map. Fig. 7f demonstrates the results of edge detection utilising the 
ITHG filter. The map clearly shows the horizontal boundary of source M6, while the boundaries 
of other sources appear blurred and indistinct. Fig. 7g illustrates the boundaries identified 
by the TATHG detector. This filter showcases its capability to accurately detect all body edges 
without producing false boundaries. However, the TATHG map displays a diffuse appearance. 
Figs. 7h, 7i, 7j, and 7k depict the boundaries obtained from the THGMTH and GF methods. The 

Fig. 7 - Horizontal boundary determination maps of data in Fig. 5d: a) THG; b) TA; c) THGTA; d) TDX; e) HTA; f) ITHG; 
g) TATHG; h) THGMTH; i) GF (M=0.5); j) GF (M=1.5); k) GF (M=8); and l) MGTHG (the actual boundaries are indicated 
with dashed black lines).
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illustrations indicate that these techniques are more susceptible to noise compared to others. 
This susceptibility can be attributed to the fact that the THGMTH and GF detectors rely on the 
second vertical derivative of the magnetic data. Fig. 7l illustrates the edges detected using the 
MGTHG technique introduced in this research. The proposed detector demonstrates the ability 
to accurately detect all edges, even in the presence of noise, while avoiding the generation of 
false edges around or above the sources. The MGTHG consistently generates high-resolution 
edge images in this scenario.

6. Application on aeromagnetic data

The practical applicability of the proposed filter is demonstrated through the analysis of high-
resolution aeromagnetic data from a region in Georgia, USA. The study area, spanning longitudes 
82.80° W to 84.30° W and latitudes 32.20° N to 34.50° N, encompasses two distinct geological 
regions: the piedmont and the coastal plain. The fall line (FL) marks the boundary between these 
regions (Fig. 8). The piedmont region is characterised by igneous and metamorphic rocks such 
as schist, amphibolite, gneiss, and granite (Hack, 1982). In contrast, the coastal plain consists of 
sedimentary rocks deposited from the Late Cretaceous to the Holocene periods. A simplified 
geologic map of the area, adapted from Lawton et al. (1976) and Pickering and Murray (1976), 
is shown in Fig. 8 at a scale of 1:500,000. The use of regional aero-radioactivity, aeromagnetic 

Fig. 8 - The simplified geological location and map of the study area.
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mapping, and seismic reflection studies in Georgia, has helped determine fault and dike locations 
(Bentley et al., 1974; Daniels, 1974, 2001; Alarifi, 2022). This approach has proven beneficial in 
identifying faults that were previously challenging to detect through geological methods alone. 
The major faults of Brevard (northern section), Towaliga-Lowndesville (central piedmont), and 
Bartletts Ferry (near the FL) are indicated on the geological map (Fig. 8).

Fig. 9a shows the aeromagnetic data of the study area. The data were RTP as shown in Fig. 
9b. To reduce noise and produce smoother edge determination maps, the αVGR stable filter was 
applied to the RTP anomaly maps before computing the edge determination filters. 

Fig. 9 - a) Aeromagnetic anomaly; b) RTP aeromagnetic anomaly of the Georgia area, USA.

Fig. 10a illustrates the THG map of the aeromagnetic anomaly identified in the RTP data 
set. The THG displays significant anomalies with high amplitudes, complicating the creation of a 
definitive structural map of Georgia. Fig. 10b presents the edge image created by the TA detector. 
Although this method provides a well-balanced representation of the magnetic sources, it also 
results in extracted structures that lack sharpness. Fig. 10c, similarly to the synthetic cases, 
fails to present a balanced representation of the distribution of various sources in Georgia. Fig. 
10d shows the outcome of the TDX. While the TDX is more effective in generating distinct edge 
images compared to the THG, TA, and THGTA, the source edges appear to be interconnected. 
Figs. 10e and 10f show the results of edge detection using the HTA and ITHG filters, respectively; 
however, neither method delineates all the edges effectively. Fig. 10g displays the image map 
from the TATHG algorithm, which successfully identifies the source edges; however, it exhibits 
indistinct boundaries and low resolution (Alvandi and Ardestani, 2023; Ai et al., 2024a). The 
boundaries defined by the THGMTH are shown in Fig. 10h. Although this detector produces 
high-resolution structural images, it tends to introduce spurious edges around the sources. Figs. 
10i, 10j, and 10k illustrate the results obtained from the GF filter with varying M values, where 
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Fig. 10 - Horizontal boundary determination maps of data in Fig. 9b: a) THG; b) TA; c) THGTA; d) TDX; e) HTA; f) ITHG; 
g) TATHG; h) THGMTH; i) GF (M=0.5); j) GF (M=1.5); k) GF (M=8); and l) MGTHG.



18

Bull. Geoph. Ocean., XX, XXX-XXX Alvandi et al.

the delineation of the boundaries of buried structures appears blurred and indistinct. Ultimately, 
Fig. 10l depicts the edges identified by the MGTHG. This proposed methodology demonstrates 
superior resolution in delineating edges when compared to other techniques.

7. The αVGR-tilt-depth technique

Estimating the depth of magnetic and gravity sources is a critical component of structural 
geology. Accurate depth estimation and edge enhancement significantly improve the 
understanding of the spatial distribution of geological structures within a given area (Alvandi 
and Ghanati, 2023). One widely used technique for determining the position and depth of these 
sources is the tilt-depth (TD) method. This method provides valuable insights into the geological 
framework by precisely identifying the depth and location of subsurface features, thereby, 
enabling more informed interpretations and decisions in geological studies (Salem et al., 2008). 
In this study, the αVGR-TD (αVGTD) method, a recent modification of the TD technique, has 
been employed (Abdelrahman et al., 2024). The αVGR technique, as outlined in Eq. (16), is 
utilised to calculate the vertical gradient in the TD technique. Fig. 11a showcases the solutions 
generated by the αVGTD method applied to the study area, highlighting a strong correlation 
with the lineaments identified using the MGTHG filter. The histogram in Fig. 11b illustrates the 
variations in estimated depths, which range from 1 to 9.5 km, with an average depth of 4.30 km. 
The highest frequency of depth estimates occurs within the 3- to 5.5-kilometre interval.

Fig. 11 - a) Description of the location and depth of magnetic sources obtained through the αVGTD method; b) 
histogram illustrating the frequency distribution of αVGTD solutions.

8. Conclusions

The precise interpretation of subsurface structures heavily relies on the accurate recognition 
of horizontal boundaries. This process has been significantly improved through noise reduction, 
leading to the increased use of innovative filtering techniques. Edge enhancement filters, which 
detect anomalies via derivatives, have gained popularity despite their tendency to amplify noise 
within the data set. The MGTHG filters, when combined with vertical gradients calculated using 
the αVGR method, exhibit superior performance in amplifying both weak and strong signals 
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simultaneously. This enhancement is achieved without introducing extraneous information 
into the edge map. The application of the MGTHG filter has led to the generation of a distinct 
structural map for a region in Georgia, USA, providing valuable insights for establishing a novel 
structural and tectonic framework. This filter is characterised by its high resolution, ability to 
eliminate false edges, and capacity to reveal subtle geological features.
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