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Original Research Abstract:

Received: Estimating the boundaries of structures is a critical task in interpreting potential field data. In general,
18 January 2024 the enhancement filters based on derivatives are used to map these boundaries. The theta and normalized
2Rf\;lsled:2024 horizontal gradient are two popular filters used in mapping the structural edges, which can balance the signals
Acczp}t,e & with different amplitudes lying at different source depths beneath the subsurface. However, the use of vertical
16 Deceniber 2004 derivatives calculated from the traditiqnal techniqqe in these ﬁlte.rs often. ampliﬁes noise. In t.his sFudy, the
Published online: performance of these filters has been improved using stable vertical derivatives from the finite-difference
10 April 2025 approach. The algorithms are tested on synthetic and real data from the Vredefort dome (South Africa).

The findings from the synthetic examples show that finite-difference approach-based filters can provide
stable results compared to the traditional calculations. The findings from the real application show that the
finite-difference approach can provide a clearer image of the subsurface structures present underneath the
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1. Introduction

The structure of the Earth’s crust can be determined by
gravity and magnetic methods based on the measurement
of the variations in the fields due to density or magnetiza-
tion differences between rocks. Many gravity and magnetic
methods have been developed for a variety of applications,
such as regional geological studies, oil and gas exploration,
subsurface modeling studies, mineral exploration, geodetic
and seismic research, basin research, hydrogeological and
environmental studies, fault identification and geological
tectonics (Nabighian et al., 2005a; Nabighian et al., 2005b;
Kamto et al., 2023; Aprina et al., 2024).

To map the boundaries of density structures, some enhance-
ment filters based on horizontal derivative, vertical deriva-
tive and analytical signal have been introduced (Ferreira
et al., 2013; Nasuti and Nasuti, 2018; Nasuti et al., 2019;
A. and E., 2023; Alvandi et al., 2023; Pham, 2023, 2024a,
2024b; Ai et al., 2024a; Ai et al., 2024b). The horizon-
tal gradient and total gradient are often used to highlight

the source boundaries (Cordell and Grauch, 1985; Roest
et al., 1992). Nevertheless, the results of these techniques
are dominated by large anomalies (Kamto et al., 2023; Liu
et al., 2023). To solve this issue, some balanced detec-
tors have been proposed such as the tilt angle (Miller and
Singh, 1994), theta (Wijns et al., 2005), normalized horizon-
tal gradient and hyperbolic tilt (Cooper and Cowan, 2006).
However, the use of the vertical derivative calculated by the
traditional frequency domain technique in these filters may
amplify noise in gravity data. Recently, Tran and Nguyen
(2020) introduced a finite-difference approach for comput-
ing vertical derivatives of the field. The benefit of their
approach is that it is less noise-sensitive than the traditional
frequency domain technique.

In this research, the theta and normalized horizontal gradient
filters have been improved for mapping the source edges us-
ing the finite-difference method of Tran and Nguyen (2020).
The effectiveness of the presented approaches is estimated
on synthetic and real data by comparing their results with
those from the traditional calculations using the frequency
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domain technique.

2. Methods

2.1 Vertical derivative
2.1.1 Frequency domain method

In the Cartesian coordinate system, we consider the func-
tion f(x,y,z) as a potential field (gravity or magnetic field)
measured at height z with the positive z-axis vertically down-
ward. The vertical derivative of the field f can be computed
using the frequency domain technique as (Blakely, 1995):
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The Fourier transform of equation (1) is given by:
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where F denotes the Fourier transform and k is the wave
number.

By using the inverse Fourier transform of equation (2), the
vertical derivative is obtained as:
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where F~! denotes the inverse Fourier transform.
Similar to equation (4), the n-order derivative can be com-
puted as:
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2.1.2 Finite-difference method

The upward continuation fields (fx,y,z — Ah), (fx,y,z —
2nAh),..., (fx,y,z — Ah) at the heights Ah, 2Ah,. .., mAh,
withn=m=1,2,3,..., N, are given by Tran and Nguyen
(2020):
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Solving the above equations, vertical derivatives df/dz,
9%f/dz* and @3 f/d7> are given by:
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The edge filters used in this research are only used with
the first-order vertical derivative (df/dz). In general, the
Ah value is usually chosen to be 1/10 to 2 times the grid
spacing depending on the data quality (Tran and Nguyen,
2020). However, for noisy data, the / value is greater than
two times the grid spacing (Tran and Nguyen, 2020). In this
study, the value of A# is equal to 1/10 of the grid spacing
for noise-free data, and is chosen to be five times larger than
the grid spacing for noisy data.

2.2 Edge detection filters

2.2.1 Theta map (TM)

The TM filter (Wijns et al., 2005) is a good processing tool
for delineating subsurface geological contacts (Ekinci et al.,
2013). The TM filter normalizes the horizontal derivative
using the total gradient, and is given by:
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where the vertical derivative d f/dz in equation (8) can be
estimated using the finite-difference method or frequency
domain method, while the horizontal derivatives are easily

estimated by the finite difference formulas (Blakely, 1995;
Ekinci and Yigitbas, 2015):
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with i and j represent the measurements of the field, and Ax
and Ay are uniform sample intervals.

2.3 Normalized horizontal gradient (TDX)

The TDX filter was first used by Cooper and Cowan (2006).
It employs the absolute value of the vertical derivative to
normalize the gradient amplitude, and is calculated as:
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The TDX filter peaks are used to extract the edges. The
TDX values change from —7/2 to 7/2 due to the nature of
the arctan function.

3. Synthetic studies

In this section, gravity and magnetic models were built
to consider the effectiveness of edge detection filters.
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Figs. 1 (a) and 1 (b) are plan and 3D perspective views
of the gravity model containing three prismatic sources.
The parameters of the three prisms are shown in Table 1.
The gravity dataset was computed using the method of Rao
et al. (1990), and shown in Fig. 1 (c). To test the influence
of noise on the methods, gravity data in Fig. 1 (c) was added
Gaussian noise with a standard deviation of 0.2 mGal and
a mean of zero. Fig. 1 (d) shows the gravity anomaly after
adding noise.

In the first example, the methods were applied to noise-free
gravity data in Fig. 1. Fig. 2 (a) shows the output of the
TM method obtained from the vertical derivative calculated
by the Fourier domain technique. Fig. 2 (b) displays the
TM anomalies using the derivative calculated by the finite-
difference method. Both approaches give the similar results.
The TM can extract all the boundaries, and balances the
anomalous amplitudes from shallow and deep prisms very
well. Figs. 2 (c) and 2 (d) depict the results detected by the
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TDX filter. Like the TM method, for noise-free data, the
use of different vertical derivatives in the TDX equation
does not affect the source boundary determination results.
Both approaches can outline the edges clearly. However,
the results show that the TDX maps have a higher resolution
than the TM maps.

Since the vertical derivatives used in the filters often am-
plify the noise in data, in the second one, the methods were
applied to noisy data in Fig. 1 (d). The results of the bound-
aries in the noisy field detected by the TM filter using the
different derivatives are shown in Figs. 3 (a) and 3 (b). As
can be seen, the TM maps can provide balanced images of
anomalies. Although the method can highlight the bound-
aries, the results are blurred due to the influence of noise.
However, note that the TM map using the vertical derivative
of the finite-difference method (Fig. 3 (b)) is less noisy than
those using the derivative of the Fourier domain method
(Fig. 3 (a)). Figs. 3 (c) and 3 (d) show the edge determina-

(b)

g O

100
X (km)

Figure 1. (a) Ground view of the gravity model, (b) 3D view of the gravity model, (c¢) Anomalies caused by three-dimensional sources, (d) Anomalies

with noise. The dashed lines show the true edges.

Table 1. The parameters of the gravity sources.

Parameters G1 G2 G3
Coordinates of the center (km, km) 50, 135 150, 135 100, 65
Width (km) 35 35 35
Length (km) 35 170 35

Top depth (km) 6 4 2
Bottom depth (km) 9 7 5
Density contrasts (g/cm?) 0.3 0.3 0.3
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Figure 2. The filters of noise-free data of the gravity model. TM maps using the vertical derivative by the Fourier domain method (a) and the
finite-difference method (b), TDX maps using the vertical derivative by the Fourier domain method (c) and the finite-difference method (d). The dashed

lines show the true edges.

tion results obtained from the TDX filter using the different
derivatives. These results show that anomalies over the

edges of the sources have the same maximum amplitude.

In this case, the TDX filter using the vertical derivative
of the Fourier domain method (Fig. 3 (c)) contains more
noise than those obtained from the finite-difference method

(Fig. 3 (a)).
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In the next example, a more complex magnetic model con-
sisting of 4 prisms was used to estimate the robustness of
the presented methods. This model includes two overlapped
sources. The anomalous map of this model is depicted in
Fig. 6 (a). Gaussian noise with a standard deviation of
1 nT and a mean of zero was added to magnetic data in
Fig. 4 (c). Fig. 5 shows the results from applying the filters
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Figure 3. The filters of noisy gravity data of the gravity model. TM maps using the vertical derivative by the Fourier domain method (a) and the
finite-difference method (b), TDX maps using the vertical derivative by the Fourier domain method (c) and the finite-difference method (d). The dashed

lines show the true edges.
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Figure 4. (a) Ground view of the magnetic model, (b) 3D view of the magnetic model, (c) Anomalies caused by three-dimensional prismatic sources, (d)

Anomalies with noise. The dashed lines show the true edges.

to noisy magnetic data. As can be seen, the finite-difference
derivative-based TM and TDX filters produce clearer re-
sults compared to the Fourier domain derivative-based TM
and TDX filters. Since the finite-difference method uses
upward continuation data, it can provide a more stable cal-
culation of the vertical derivative than the Fourier domain
method. For this reason, the TM and TDX filters using
the finite-difference approach (Figs. 5 (b) and 5 (d)) are
less noise-sensitive than the filters using the Fourier domain
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approach (Figs. 5 (a) and 5 (c)), especially in the center of
the M4 source.

4. Real application

To further consider the practical applicability of the pre-
sented approaches, a dataset of the Vredefort dome, was
used for computing the source edges. The study area
is located within the Witwatersrand basin, South Africa
(Fig. 6 (a)). The Vredefort dome is surrounded by a 50 km
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Figure 5. The filters of noisy magnetic data of the magnetic model. TM maps using the vertical derivative by the Fourier domain method (a) and the
finite-difference method (b), TDX maps using the vertical derivative by the Fourier domain method (c) and the finite-difference method (d). The dashed

lines show the true edges.
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Figure 6. (a) Geology map of the Witwatersrand basin, (b) Geology map of the Vredefort dome (Lana et al., 2003b, 2003a).

wide Potchefstroom Synclinorium (Fig. 6 (a)). According
to Jahn and Riller (2009), the dome is the oldest and largest
impact structure ever discovered on Earth. The Vredefort
dome includes a 40 km wide core of Archaean high-grade
terrain rimming by an ~ 20 km wide collar of supracrustal
strata (Fig. 6 (b)). The southeastern and southern parts
of the region are mainly covered by Phanerozoic sedimen-
tary rocks and dolerite sills (Lana et al., 2003b, 2003a).
The gravity dataset of the area was obtained by the Fugro
Airborne Survey (Dransfeld et al., 2004). This data was
interpolated into a 151 x 121 grid with 500 m grid spacing
(Fig. 7).

Fig. 8 (a) presents the TM map of gravity data obtained
from the vertical derivative of the frequency domain method.
Fig. 8 (b) presents the TM result using the vertical derivative
of the finite-difference method. The TM maps demonstrate

the existence of ring structures around the Vredefort dome
center. However, the finite-difference approach-based TM
filter gives a clearer picture of the structures of the area than
the frequency domain approach-based TM filter. One can
see that the TM map in Fig. 8 (b) is smoother compared to
Fig. 8 (a). In other words, it is less noise-sensitive than the
TM filter using the frequency domain method.

In this case, gravity data of the studied area was also en-
hanced using the TDX. Figs. 8 (c) and 8 (d) show the TDX
maps of gravity anomalies obtained from the frequency
domain and finite-difference methods, respectively. The
results in these figures once again show that the TDX filter
based on the finite-difference method is an effective tool for
reducing the noise in mapping the boundaries. In addition,
this approach allows for a better identification of the density
boundaries than the frequency domain approach-based TDX

Table 2. The parameters of the magnetic sources.

Parameters M1 M2 M3 M4
Coordinates of the center (km, km) 20, 100 120, 180 125, 80 125, 80
Width (km) 10 150 60 120
Length (km) 170 10 60 120
Top depth (km) 3 5 2
Bottom depth (km) 8 8 10 7
Inclination (°) 90 90 90 90
Declination (°) 0 0

Magnetization (A/m) 2
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Figure 7. Gravity anomaly map of the study area.

filter, making estimated linear features more continuous. It
is worth noting that the estimated edges in the TM maps
are diffuse, and the TDX provides the results with a higher
resolution than the TM filter. By comparing Figs. 8 (c)
and 8 (d) with the geology map (Figs.6 (b) and 6 (c)), one
can see that the boundaries determined by the presented
approaches show a good correlation with the borders of
ring structures in the region. The edges outlined by the
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presented approaches agree well with the results reported
by Beiki (2010) using the directional analytic signals and
Pham et al. (2021) using the ridge detection method.

5. Conclusion

The efficiency of some boundary identification filters (i.e.,
theta and normalized horizontal gradient) has been im-
proved using the stable finite-difference method. To ob-
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Figure 8. The filters of real data. TM maps using the vertical derivative by the Fourier domain method (a) and the finite-difference method (b), TDX
maps using the vertical derivative by the Fourier domain method (c) and the finite-difference method (d).
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tain a more comprehensive estimation, experimental studies
were performed on noise-free and noisy synthetic data and
real data of the Vredefort dome. In the case of the noise-
free synthetic example, the results showed that there is not
much difference between the edge filters using derivatives
from the finite-difference method and the edge filters using
traditional derivatives. The noisy data example indicated
that the finite-difference approach-based filters are less sen-
sitive to noise than the frequency domain approach-based
filters. The findings from the real example showed that the
proposed approaches can provide a clearer image of the den-
sity structures of the study area. These results demonstrate
the existence of ring structures around the Vredefort dome
centre.
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