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Potential field data play a crucial role in the interpretation of various geological structural features. The application of edge detection
techniques significantly improves the capacity to delineate subsurface structures. In recent years, a variety of methodologies have been
developed to identify edges; however, each of these methodologies possesses distinct advantages and limitations. This study presents a novel
edge enhancement technique that employs the Total Horizontal Derivative (THD) in conjunction with the Rootsig activation function
(RTHD). This technique is applied to the interpretation of potential field data to enhance structural mapping. The effectiveness of the RTHD
is evaluated through the interpretation of synthetic gravity and magnetic anomalies, both with and without the presence of noise, including
sources located at various depths. Furthermore, the RTHD technique is applied to investigate gravity field data from the Povazsky Inovec
Mountains, located in the Western Carpathians of Slovakia. In this region, the boundaries of the primary anomalies, as well as the Povazie
and Ripnany faults, are distinctly delineated. The results demonstrate that the RTHD approach effectively delineates edges and balances the
amplitudes of both shallow and deep-seated sources, in contrast to traditional edge enhancement methods. The findings indicate that the
RTHD represents a more effective strategy for structural mapping when utilizing gravity and magnetic data.

Keywords: Edge detection, Potential filed, Rootsig activation function, Slovakia territory:.

1. Introduction

Gravity and magnetic (potential field) methods are among the most
widely utilized geophysical techniques for the examination of
subsurface structures and tectonic features [1-8]. These potential field
methods have diverse applications, including the exploration of mineral
resources, hydrocarbon exploration, studies of crustal deformation, and
the mapping of both surface and subsurface structures. A primary focus
is placed on characterizing geological formations and comprehending
various geological structural boundaries at varying depths. The
identification of the edges of these subsurface sources and the
delineation of their horizontal extents are of paramount importance [9-
161. Various methodologies are employed to ascertain the boundaries of
potential field anomalies, with each filtering technique offering distinct
advantages and limitations [17].

A widely used approach for detecting edges, known as the Total
Horizontal Derivative (THD), was first introduced by [18]. The THD
filter is less sensitive to noise and is more effective in identifying shallow
geological sources. The peak amplitudes of the THD occur at the
boundaries of geological contacts. The THD can be expressed as follows
[18]:

aF\2 aF\2
THD = [(5) + (5) 60
where F represents the reduced-to-the-pole magnetic or gravity field,
along with its first-order derivatives in the x and y directions,
respectively [18-19].
The Analytical Signal Amplitude (ASA) is a commonly employed
approach to delineate the edges of potential field anomalies. The ASA
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can be mathematically represented as follows [20-21]:
ASA = (f)2 + (f)2 + (f)z 2)
- ox ay. oz

oF | . .
where o isa first-order vertical gradient of F.

It is essential to emphasize that both the THD and AS methodologies
have limitations in their ability to effectively equalize causative sources
situated at varying depths [4, 16, 22-24]. To simultaneously identify the
edges of both shallow and deep anomalies, a variety of phase-based or
normalized filters have been introduced.

The tilt derivative (TDR) approach was originally introduced as a
technique for identifying the boundaries of both deep and shallow
anomalies [16, 23]. The amplitude of the TDR is positive over the source,
exhibits zero amplitude at the edges, and is negative in all other areas.
The variations in TDR amplitude are limited to a range of +90 degrees
(15 radians). The TDR can be mathematically represented as follows
[251:

OF

TDR = tan™! [ —2&=— 3)

2 2
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[26] developed another phase-based filtering technique known as the
theta map approach. This detector demonstrates minimal amplitude at
the edges of the buried source. The variations in the theta map

amplitude are characterized by a defined range, extending from 0 to 90
degrees. The theta can be mathematically represented as follows [26]:
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[27] introduced a modified relation of THD (MTHD) that employs M= —%2—-- 11)
high-order gradients of potential field data to improve the resolution of (";‘:D)zaf(";%)z

edge detection maps. The MTHD can be expressed as follows [27]:
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In Eq. (5), P and T2y represent the vertical derivatives of the field

in the x and y directions, respectively. The maximum amplitudes of the
MTHD are observed at the edges of geological structures.

[28] proposed a normalized approach for identifying edges, which is
termed the tilt derivative of the total horizontal derivative (TDTH). The
computation involved in this method can be expressed as follows [28]:

dTHD
TDTH = tan™?! ( ’ZZ ) - (6)
() {50
In relation (6), m, JTHD and gTHD represent the derivatives of THD
ox ay 0z

in the x, y, and z directions, respectively. The maximum amplitudes of
the TDTH are detected over the boundaries of geological formations.
The variations in TDTH amplitude are limited to a range of +90 degrees
(£1.5 radians).

The IMTHD represents the improved version of the MTHD
(IMTHD), which further enhances edge detection through the
application of amplitude maxima. The IMTHD approach is calculated
as described by [291:

02F\? [ 02F\?
(azax) +(azay)
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IMTHD = tan™! (7)

In Eq. (7), the Laplace relation is employed to calculate the second
9%F

vertical gradient (67), which helps mitigate noise:
92F 9%F  9%F
P (E + a_yz) (8)

[30] substituted the arctangent function in Eq. (6) with the arcsine
function and utilized an alternative ratio of the horizontal and vertical
derivatives of the analytic signal to formulate the MASA approach,
which is defined as follows [30]:

0AS
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2. Proposed detector (RTHD)

This research introduces an edge detection approach that utilizes the
Rootsig activation function [31-33] to improve the identification of
edges related to magnetic and gravity causative sources. The Rootsig
function displays a shape that closely resembles that of the arctangent
function, as noted by [31]. The arctangent function is commonly used
in the context of edge detection for potential field data [16, 24]. We have
introduced a novel methodology designed to enhance the resolution and
accuracy of delineated edges by improving the total horizontal
derivative approach. The proposed methodology utilizes an improved
combination of the ratio of the first-order vertical and horizontal
gradients of the total horizontal derivative of both reduced-to-pole
(RTP) magnetic and gravity data. This Rootsig detector (RTHD) is
defined in Eq. 10:

The amplitude of the RTHD ranges from -1 to 1, with amplitude
maxima situated at the edges of the causative sources. A notable
advantage of the RTHD is its ability to delineate edges with remarkable
precision and clarity. In contrast to the proposed high-resolution
techniques, the resolution of the RTHD results remains unaffected by
the parameters selected by the interpreter [10, 23, 34-361.

3. Mitigating the effect of noise

The horizontal derivatives of the potential field are computed
utilizing the finite-difference (FD) method, as described by [37]. This
paper employs the finite-difference (FD) method, as introduced by [38],
to compute first- and second-order vertical derivatives, thereby
mitigating the effect of noise [391.

In the Cartesian coordinate system, let us consider the function
F(x,y,z) as representing a potential field measured at a height z, where
the positive z-axis is oriented vertically downward. The upward
continuation fields (Fx,y,z — AL), (Fx,y,z — 2nAL),..., (Fx,y,z — AL) at
the heights AL, 2AL, ..., mAL, withn =m = 1,2,3...N, are described by
[371:
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with n = 3, Eq. (11) becomes:
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Solving the above equations, vertical derivatives P and o,z are given
by:

OF __ 11F(xy,z)—18F(x,y,z—AL)+9F(x,y,z—2AL)—-2F(x,y,z—3AL)
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In general, the value of AL is typically selected to be between 0.1 and
2 times the grid spacing, contingent upon the quality of the data [38]. In
instances where the data is characterized by high levels of noise, the
value of h exceeds twice the grid spacing [38]. In this work, the value of
AL is equal to 0.1 times of the grid spacing for noise-free data, while for
noisy data, it is selected to be five times greater than the grid spacing
[381].

4. Synthetic data for a 2D model

A synthetic magnetic vertical dyke model, characterized by varying
properties as detailed in Table 1, has been developed and is positioned
at a depth of 5 km. The reduced-to-pole (RTP) magnetic response of this
synthetic model is illustrated in Fig. la. The responses obtained from
various conventional edge detection filters are depicted in Figs. 1b
through 1j. It is evident from these responses that when the magnetic
data is subjected to different conventional filters (Figs. 1b to 1j), the
response is most effectively analyzed using the RTHD method (Fig. 1j).
The maxima of the response are observed at the edges of the vertical
dyke model. Additionally, a balanced image can be derived from the
buried source.
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Table 1. The parameters of the synthetic two-dimensional dyke-like model.
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3h) maps also display false edges, and the resolution of the output

Distance (ki) Distance (k)

Parameters Dyke-like images is inadequate, with spurious edges between the true edges,
- making interpretation complex. Conversely, the response of the RTHD
Number of stations 500 fi . s mr s 1 ¥ .
ilter, depicted in Fig. 3i, indicates that the proposed filter effectively
Depth of the dyke (in km) 5 delineates the edges of prismatic bodies situated at various depths,
Width (in km) 3 producing a well-balanced representation of these edges.
Strength of the Geomagnetic Field (nT) 35000 Table 2. The parameters of the synthetic dyke-like magnetic model.
Inclination (°) 90 Source/Label Al | Bl | Cl1 | D1 | El|F1
Declination (°) 0 y-coordinates of the center (in kilometres) | 250 | 70 | 430 | 250 | 250 | 210
Magnetic susceptibility (SI) 0.027 x-coordinates of the center (in kilometres) | 440 | 210 | 210 | 210 | 30 | 380
Width (in kilometres) 40 | 60 | 60 | 180 | 20 | 40
w : Length (in kilometres) 420 | 340 | 340 | 260 | 260 | 260
Anomaly {a) 091 ustHiD ()
o % Depth of the top (in kilometres) 4 3 6 7 5 6
Ea E
- i Depth of the bottom (in kilometres) 5 5 7 8 6 8
° ‘ Magnetization (A/m) 1 -1 116 |-13] 11 1
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Fig. 1. A profile derived from a two-dimensional synthetic vertical dyke model,
illustrating the following components: a) Magnetic anomaly, b) THD, c) ASA, d)
TDR, e) Theta, f) MTHD, g) TDTH, h) IMTHD, i) MASA, and j) RTHD.

5. Synthetic data for 3D models

5.1 Magnetic model

To demonstrate the robustness of the proposed approach, a synthetic
magnetic model consisting of six prismatic bodies has been constructed.
The schematic representation of this synthetic magnetic model is
depicted in Fig. 2a, and the nomenclature of the prismatic bodies is
elaborated in Fig. 2b. The dimensions and characteristics of the
prismatic bodies are presented in Table 2. The total magnetic intensity
(TMI) is computed on a grid measuring 500 x 500 km?, with a grid
spacing of 1 km in both the east-west and north-south directions (Fig.
2c). The magnetic inclination and declination for all prisms are
established at 90° and 0°, respectively. The magnetic anomaly is reduced
to the pole, considering the specified inclination and declination (Fig.
2c¢). In all images, the green lines indicate actual edges.

The responses of the THD and ASA approaches are depicted in Figs.
3a and 3b, respectively. The response is primarily affected by shallow-
seated bodies, whereas the boundaries related to deep-seated structures
appear indistinct. The TDR approach, as shown in Fig. 3c, and the Theta
technique depicted in Figure 3d have been observed to produce artifacts
and false boundaries. The MTHD filter, represented in Fig. 3e, exhibits
performance similar to that of the THD technique, failing to delineate
the boundaries of deep sources effectively. In contrast, the TDTH
method successfully delineates the boundaries of buried structures;
however, a significant disadvantage of this method is its low-resolution
edge map representation (Fig. 3f). The IMTHD (Fig. 3g) and MASA (Fig.

Easting (km)

Fig. 2. a) A three-dimensional view of the first synthetic magnetic model, b) A
planar view of the first synthetic magnetic model, and c) A magnetic anomaly map
corresponding to the synthetic model (in nT).
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Fig. 3. The comparison of results obtained using various approaches alongside the
proposed technique (Noise-free data): a) THD, b) ASA, c) TDR, d) Theta, e)
MTHD, f) TDTH, g) IMTHD, h) MASA, and i) RTHD.
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The stability of the proposed filter was evaluated by applying
Gaussian noise to the magnetic anomaly, with a mean of zero and a
standard deviation equivalent to 3% of the data's amplitude. It is
important to note that any edge detection filter applied to the noisy data
may not provide a clear representation of the subsurface structures [21].
Consequently, we employed the finite difference method [37] to
mitigate noise, followed by the interpretation of the synthetic data using
various filtering techniques. Fig. 4a-i illustrates the results of THD, ASA,
TDR, Theta, MTHD, TDTH, IMTHD, MASA, and RTHD following the
application of the finite difference (FD) technique. In a manner similar
to the preceding scenario, conventional filters often render edges as
blurred or generate false edges in the edge detection maps. In contrast,
the proposed filter exhibits satisfactory performance in delineating the
edges of buried structures.
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Fig. 4 The comparison of results obtained using various approaches alongside the
proposed technique (noise-contaminated data). The approaches include: a) THD,
b) ASA, c) TDR, d) Theta, e) MTHD, f) TDTH, g) IMTHD, h) MASA, and i)
RTHD.

5.2. Gravity model

The synthetic gravity model is constructed using five prisms, each
with distinct properties and buried at varying depths. A three-
dimensional representation is provided in Fig. 5a, while the
nomenclature for the five prisms utilized in the model is illustrated in
Fig. 5b. The prisms (A2, B2, C2, D2, and E2) vary in size and depth;
notably, two of the prisms (C2 and D2) have the same density. Prism A2
is located at a greater depth, whereas prism E2 is situated at a shallower
depth. The model incorporates both positive and negative density
contrasting bodies. The spatial and physical parameters of the second
synthetic model are detailed in Table 3. The gravity field is calculated on
a 500 x 500 km? grid, with a grid spacing of 1 km in both the east-west
and north-south directions. The gravity anomaly generated over the
synthetic model is depicted in Fig. 5c.

The responses of THD (Fig. 6a) and ASA (Fig. 6b) in relation to the
gravity anomaly demonstrate that as the depth of burial of the prismatic
bodies decreases, the filters produce sharper delineations. Nevertheless,
both filters were ineffective in detecting the edges associated with
deeper bodies. Figs. 6c and 6d illustrate the edge-drawing techniques
utilizing the TDR and Theta methods. While both methods are
applicable in this case, the resulting output resolution is inadequate, and
spurious edges between the true edges make the interpretation complex.
The results of edge detection employing the MTHD method are
illustrated in Fig. 6e. Although this method serves as an improved filter
compared to the THD, the edges of sources A2, B2, C2, and D2 remain
undetected. Fig. 6f illustrates the delineation of boundaries for all
sources, achieved through the application of the TDTH technique. It is
noteworthy that the image resolution obtained via this method is

JMGE |}

relatively low. Fig. 6g illustrates the results of edge determination using
the IMTHD method. This approach demonstrates suboptimal
performance in precisely delineating the boundaries of deep structures.
In contrast, Fig. 6h employs the MASA method for edge determination.
Although this technique effectively delineates the edges of the buried
sources, it also reveals the presence of spurious boundaries between
these sources. The response of the proposed approach is shown in Fig.
6i, and it provides high-resolution edges of the prismatic sources with
no spurious edges between true edges. Clearly, this filter is more
effective in producing a clear image of the edges than the other filters.

Table 3. The parameters of the second synthetic model.

Source/Label A2 | B2 | C2 | D2 | E2
y-coordinates of the center (in kilometers) 260 | 265 | 267 | 270 | 270
x-coordinates of the center (in kilometers) 260 | 250 | 250 | 247 | 245
Width (in kilometers) 400 | 295 | 215 | 140 | 70
Length (in kilometers) 400 | 300 | 220 | 145 | 80
Depth of the top (in kilometers) 7 5 4 2 1
Depth of the bottom (in kilometers) 8 |6 | 5|32
Density (g/cm?) 05 (-05| 1 1 -1

Deapth (Km)
Northing (km)

n

0 Easting (km) 500

Northing (km)

o Easting (km) 500

Fig. 5: a) A three-dimensional representation of the second synthetic gravity
model, b) A planar representation of the second synthetic gravity model, and c) A
gravity anomaly map corresponding to the synthetic model (in mGal).
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Fig. 6: The comparison of results obtained using various approaches alongside the
proposed technique (Noise-free data): a) THD, b) ASA, c) TDR, d) Theta, e)
MTHD, f) TDTH, g) IMTHD, h) MASA, and i) RTHD.
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To further evaluate the stability of the proposed method, we
implemented a corrupted gravity model that incorporated Gaussian
noise with a mean of zero and a standard deviation equivalent to 3% of
the data's amplitude, alongside the finite difference method, which
mitigates the effect of noise on filter responses. Consistent with the
observations derived from the noisy magnetic data, the RTHD filter
(Fig. 7i) appears to effectively identify all edges with minimal noise
interference, in contrast to the performance of other conventional filters

(Fig. 7a-h).
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Fig. 7. The comparison of results obtained using various approaches alongside the
proposed technique (noise-contaminated data). The approaches include: a) THD,
b) ASA, c) TDR, d) Theta, e) MTHD, f) TDTH, g) IMTHD, h) MASA, and i)
RTHD.

6. Application of RTHD to Real-World Data

In this section, the effectiveness of the RTHD approach is assessed
utilizing real-world gravity data collected from the Povazsky Inovec
Mountains, situated in the Western Carpathians. The Povazsky Inovec
Mountains represent one of the horsts located within the northwestern
segment of the internal Western Carpathians [401. This mountain range
is characterized by a crystalline basement belonging to the Tatricum,
which is accompanied by a Late Paleozoic to Mesozoic sedimentary
cover. Additionally, the region is overlain by two thin-skinned Mesozoic
nappes, namely the Fatricum and Hronicum [40-41]. The Povazie Fault
and the Ripriany Fault represent the two primary geological faults
within the study area. A simplified geological map of the Povazsky
Inovec Mountains, located in the Western Carpathians, is presented in
Fig. 8.
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Fig. 8. The location of the study area and a simplified geological map of the
Povazsky Inovec Mts. (based on [42-43]).
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The complete Bouguer gravity data (SCBA) and the geological map
are available online at no cost through the website of the State
Geological Institute of Dionyza Stura in Bratislava (Fig. 9a). The
gravimetric data obtained from the Slovak database exhibit acceptable
quality and can be utilized with confidence for the interpretation of
geological structures and in geodetic applications [36, 44]. To improve
data quality and reduce noise, the FD method has been utilized prior to
the implementation of edge detection filters (Fig. 10a-i).

The complete Bouguer gravity data (SCBA) and the geological map
are available online at no cost through the website of the State
Geological Institute of Dionyza Stura in Bratislava (Fig. 9a). The
gravimetric data obtained from the Slovak database exhibit acceptable
quality and can be utilized with confidence for the interpretation of
geological structures and in geodetic applications [36, 44]. To improve
data quality and reduce noise, the FD method has been utilized prior to
the implementation of edge detection filters (Fig. 10a-i).
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Fig. 9: Bouguer gravity data for the Povazsky Inovec Mts.

Figs. 10a and 10b present the results obtained from the THD and ASA
approaches, respectively. As illustrated, the maps generated by both
THD and ASA are blurred and unreliable in delineating clear edges for
the subsurface sources. Figs. 10c and 10d illustrate the results obtained
using the TDR and Theta techniques, respectively. As shown in these
figs., both techniques effectively equalize the amplitudes of large and
small anomalies. However, many adjacent boundaries produced by these
methods are interconnected, which complicates the detection of
geological structures. Fig. 10e illustrates the outcomes of edge detection
utilizing the modified total horizontal gradient method. It is important
to note that this filter is unable to simultaneously delineate various
structures within the region that possess differing depths. Fig. 10f
illustrates the results of edge detection using the TDTH technique. The
boundaries of various structures are delineated by this filter. However,
similar to the theoretical cases, the image resolution remains low. Figs.
10g and 10h illustrate the results obtained from the IMTHD and MASA
filters. As expected, consistent with the synthetic cases, the outputs
generated by these two filters do not improve the interpretability of the
gravity data for the region under investigation. Fig. 10i illustrates the
results obtained from applying the proposed method to the gravity map.
This method is effective in detecting geological structures in the
Povazsky Inovec Mountains region. Furthermore, it is important to note
that the RTHD method produces results with higher resolution
compared to other techniques.

To facilitate a more comprehensive interpretation of the region and
delineate the characteristics of various subsurface structures at different
depths, the 3D Euler deconvolution (ED) method has been employed
[45-46]. The Euler deconvolution method is a widely used technique for
interpreting potential field data [47]. To calculate the depth, a structural
index of 0 and a window size equivalent to 17 times the grid cell size are
used. The depths of these structures range from 1 km to 16 km. The
depth map is illustrated in Fig. 11a, while the solution histogram of the
depth map is presented in Fig. 11b.
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Fig. 11. a) Depths obtained through the 3D Euler deconvolution (ED) technique,
and b) histogram of solutions representing the depths estimated using the Euler
deconvolution method.

7. Conclusions

Edge enhancement is a fundamental process in the analysis and
interpretation of subsurface structures. The accuracy of this process
improves with the reduction of noise, which has led to an increased
reliance on advanced filtering techniques. While edge enhancement
filters are based on data derivatives and often amplify noise signals, the
RTHD filter can simultaneously equalize both weak and strong signals
without introducing false information into the edge map. In order to
evaluate the performance of the proposed filter in comparison to
conventional filters, we employed synthetic models both with and
without noise. The results clearly demonstrate the effectiveness of the
introduced filter in identifying the edges of buried sources.
Furthermore, the RTHD filter establishes a strong correlation between
the detected edge image and the geological map of the study area,
thereby facilitating the construction of a structural framework.
Ultimately, the RTHD filter provides higher resolution, eliminates false
edges, and generates more nuanced geological features. In general, the
proposed filter can be utilized in conjunction with the finite difference
(FD) method to reduce noise in the interpretation of gravity and
magnetic data, as well as to identify the edges of anomalies.
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