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ABSTRACT

Several filtering methods have been introduced to estimate the edges of potential field sources. The selection of the 
appropriate technique depends on the type of data and the target. Among filtering techniques, phase-based filters are 
the most widely used methods due to the flexibility of their design, but they do not provide information on the source 
depth. In this study, some novel filtering approaches are proposed, highlighting the edge of adjacent sources with diffe-
rent intensities by initially removing the regional anomalies. These approaches generate low amplitude anomalies over 
the deep sources, and higher amplitude anomalies over the shallow sources, providing information on relative depths 
of the sources. To evaluate the designed approaches, synthetic and real data from the Finnmark area of North Norway 
were used. The results were compared with those obtained from other approaches. T﻿hese results showed that the pro-
posed approaches considerably simplify the interpretation of the anomaly maps with higher efficiency and broader 
interpretation scope than the classical techniques.
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Uso de derivadas de campos potenciales en la función inversa de la tangente para estimar los límites y las profundidades 
relativas de fuentes de campos potenciales

Varios métodos de filtrado se han presentado para estimar los límites de las fuentes de campos potenciales. La selección 
de la técnica apropiada depende del tipo de información y del objetivo. Entre las técnicas de filtrado, los filtros de fase 
son los más usados debido a la flexibilidad de su diseño, sin embargo estos no proveen la profundidad de la fuente. En 
este estudio se propuso el acercamiento a algunos filtros novedosos, donde se resaltaron los límites de las fuentes adya-
centes con diferentes intensidades al remover inicialmente las anomalías regionales. Estos métodos generaron anoma-
lías de baja amplitud sobre las fuentes profundas y anomalías de mayor amplitud sobre las fuentes a poca profundidad, 
lo que provee información de las profundidades relativas de las fuentes. Para evaluar los modelos diseñados se usaron 
datos sintéticos y reales del área de Finnmark, en el norte de Noruega. Los resultados se compararon con valores obte-
nidos a través de otros métodos. Estos resultados muestran que los métodos propuestos simplifican considerablemente 
la interpretación de los mapas de anomalías con mayor eficiencia y en un alcance más amplio que las técnicas clásicas.
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1. Introduction

The potential field methods play an important role in mapping geological 
structures, particularly for mineral exploration (Evjen, 1936; Cordell and 
Grauch, 1985; Dwivedi and Chamoli, 2022; Dwivedi et al., 2023; Kamto et 
al., 2023). Many filters of potential field data have been developed to estimate 
the source location (Nabighian, 1972, 1974; Wijns et al., 2005; Cooper and 
Cowan, 2006; Oksum et al., 2021; Pham, 2023; Kafadar and Oksum, 2024). 
By highlighting the edges of anomalies with various depths and magnitudes, 
filtering aids in the identification of additional details in the possible field data 
maps (Ekinci and Yiğitbaş, 2012, 2015; Ekinci et al., 2013; Narayan et al., 
2017, 2021; Eldosouky, 2019; Eldosouky et al., 2022; Sahoo et al., 2022a, b; 
Pham and Prasad, 2023; Núñez-Demarco et al., 2023; Liu et al., 2023; Ekwok 
et al., 2023; Pham et al., 2022, 2024a; Aprina et al., 2024). High-pass filters 
have been used in several studies to highlight the edges of anomalies (Cordell 
and Grauch, 1985; Roest et al., 1992; Blakely, 1995; Hsu et al., 1996; and Fedi 
and Florio, 2001). To filter potential field data using various techniques, efforts 
have been made to balance the trade-off between noise and signal in the filtered 
image (Cooper and Cowan, 2006).

The vertical derivative filter is one of the frequently employed filters to 
identify anomaly edges (Evjen, 1936; Ma et al., 2014). Higher-order vertical 
derivatives can effectively enhance anomalies, but they amplify the noise in 
data. The vertical derivative filter is usually limited to orders of one and two. 
This method is preferred when anomaly variation throughout the survey area is 
uniform. In other words, this filter is not able to balance the map.

The total horizontal derivative filter is another commonly used method 
to detect edges. Cordell and Grauch (1985) showed that the peak of the total 
horizontal gravity or pseudo-gravity data can indicate the edges of anomalies. 
The drawback of this strategy is that it might produce diffuse edges, which 
prevent the filter from being able to tell where weak anomalies and strong 
anomalies meet at the border (Li et al., 2012; Ma, 2013).

Another filter commonly used is the analytical signal or total gradient, 
which generates bell-shaped anomalies above magnetic bodies. This filter 
was developed by Nabighian (1972, 1974) and Roest et al. (1992). According 
to Grauch and Cordell (1987), the analytical signal cannot simultaneously 
enhance deep and shallow anomalies. To address this issue and improve the 
definition of adjacent anomalies, Hsu et al. (1996, 1998) used an enhanced 
analytical signal, which is the nth-order vertical derivative of the analytical 
signal. The impact of noise can be amplified by using higher order derivatives, 
so this technique is typically restricted to the first and second order.

In the last three decades, phase filters have received significant attention 
due to their flexibility (Wijns et al., 2005; Cooper and Cowan, 2006; Stampolidis 
and Tsokas, 2012; Li et al., 2013; Arisoy and Dikmen, 2013; Ferreira et al., 
2013; Cooper, 2014; Ma et al., 2014; Zhang et al., 2015; Yao et al., 2016; 
Nasuti and Nasuti, 2018; Nasuti et al., 2019; Melouah and Pham, 2021; Pham 
et al., 2022b). The first phase filter is the tilt angle filter introduced by Miller 
and Singh (1994). Using the tilt angle filter, the source edges are represented by 
the zero values. To make the interpretation of the tilt-angle data easier, Verduzco 
et al. (2004) introduced a total horizontal derivative of the tilt angle filter. As 
the depth of the sources rises, the performance of the tilt angle and its total 
horizontal derivative may suffer. Additionally, the total horizontal derivative of 
the tilt angle is sensitive to noise, which can affect the accuracy of the results 
(Cooper and Cowan, 2006; Li et al., 2012; Ferreira et al., 2013; Nasuti and 
Nasuti, 2018).

To detect the edges of potential field sources, Ferreira et al. (2013) used 
the total horizontal derivative in the tilt angle equation. This method not only 
normalizes both shallow and deep potential field anomalous sources but also 
detects the edges of anomalies with very high precision. However, in case 
the shallow and deep sources located close together this filter is not able to 
discriminate them and will lose its resolution considerably (Zhang et al., 2015; 
Yao et al., 2016; Nasuti et al., 2019).

Cooper (2014) introduced the tilt angle of the analytical signal amplitude 
as a means of reducing the dependence on the source magnetization vector 
direction. This filter is appropriate in cases where the data has a remanent 
magnetization or when we are not able to reduce to magnetic pole due to lack 
of sufficient information from the sources, so that it transfers the anomalies to 
the top of the sources. It also creates a much better balance than the analytical 
signal in the data. The efficiency of this filter is reduced for adjacent sources that 

are located at a short distance from each other. Also, in cases where the ratio of 
depth to width of the source is high, the maximum of this filter is placed above 
the anomaly.

Zhang et al. (2015) suggested using the tilt angle of the first order 
vertical derivative of the total horizontal derivative to distinguish between 
nearby sources. This filter perfectly equalizes the severity of deep and shallow 
anomalies and anomalies with different amplitudes and gives sharper and more 
accurate edges than the TAHG and TAS filters. This filter is also more effective 
in cases where anomalies of different depths and amplitudes are adjacent.

The concept of edge detection is not limited to the methods given above. 
Recently, some authors have developed other methods to map the source edges 
(Dwivedi and Chamoli, 2021, 2023; Kafadar, 2022; Prasad et al., 2022a, b, 
c; Dandan et al., 2023; Ibraheem et al., 2023; Jorge et al., 2023; Li et al., 
2023; Alvandi et al., 2023; Alvandi and Ardestani, 2023; Pham, 2024 a,b,c; 
Pham et al., 2024b; Ai et al., 2024). Although these methods can bring the 
edges with high resolution, they do not provide the relative depths of potential 
field sources.

In this article, some new methods are introduced considering the slight 
changes in the previous filtering techniques, providing much better efficiency 
than the previous strategies. The images obtained from the new methods 
show deep anomalies with low amplitude and shallow anomalies with high 
amplitude. This can be used to distinguish deep anomalies from shallow 
anomalies, resulting in a wider interpretation scope.

2. Methodology

By using vertical derivatives of the amplitude-based filters that provide 
maxima over the source edges in the arctangent function, novel filters are 
introduced from the following general relation:

New(Filter ) = tan− 1 G|h|
√G

⟶G ≥ 0,     G < 0 → Removed 	 (1)

where h is a correction factor that is used to make the dimension unifying. 
In other words, the use of the factor h to make Eq. (1) has mathematical 
significance. This factor is given by:

h =
Max(√G)
Max(G)  , 	 (2)

and G is the vertical derivative of some edge filters such as the total 
horizontal derivative (THD, Cordell and Grauch, 1985), analytical signal (AS, 
Roest et al., 1992), and vertical derivative of THD (THV, Zhang et al., 2015) 
that are given by:

	 (3)

	 (4)

	 (5)

where is f potential field data. Since G functions produce positive 
maxima over the edges, removing negative G values is helpful in bringing 
sharper edges. The proposed methods can be considered as modifications of 
the previous methods, i.e., the tilt angle of the THD (TAHG, Ferreira et al., 
2013), tilt angle of the AS (TAS, Cooper, 2014) and tilt angle of the (TTHV, 
Zhang et al., 2015):
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	 (6)

	 (7)

	 (8)

Using the proposed methods, the edges of deep sources are shown by 
low amplitude signals, while the edges of shallow sources are related to high 
amplitude signals. This can be used to distinguish deep anomalies from shallow 
anomalies. In the following sections, we demonstrate the effectiveness of the 
proposed methods on theoretical examples and real data from the Finnmark 
area, northern Norway.

3. Synthetic examples

We conducted synthetic studies to evaluate the strengths and limitations 
of the proposed approaches in enhancing the edges of magnetic anomalies.

The first model consists of 17 bodies (Fig. 1a) with an inclination of 90° 
and declination of 0°, and their geometrical and geomagnetic parameters are 
listed in Table 1. Figure 1b displays the synthetic magnetic anomaly of the model. 
The results obtained from applying the TAHG, NTAHG, TAS, NTAS, THVH, and 
NTHVH, filters to magnetic data of the first model are presented in Figure 1 (c)-(h). 
The TAHG filter (Fig. 1c) highlights the edges of deep and shallow bodies by 
balancing different anomalies. The NTAHG filter (Fig. 1d) shows the edges similar 
to the TAHG filter, except that it shows the response of deep bodies with low 
amplitude and shallow bodies with high amplitude, and the field around the bodies 
is removed. As clearly seen, in addition to the edges of the bodies, the relative 
depth of the bodies can also be distinguished by different transformed anomalies 
for different depths. The TAS filter (Fig. 1e) shows the edges of anomalies with 
less accuracy and sharpness than the TAHG filter. Also, in cases where the ratio of 
width to depth of the body is low, the peaks of this filter are above the anomalous 
bodies instead of the edges (bodies 6, 7 and 17). In the NTAS method (Fig. 1f), the 
deep and shallow bodies can be separated, but its accuracy is less than the NTAHG 
filter. We can see that the response of the bodies with non-vertical dip (bodies 5 
and 6) has a small displacement in the direction of the dip of the bodies (Fig. 1f). 
Therefore, the dip of the bodies can be estimated by comparing the result of this 
filter with those from other methods. The THVH filter (Fig. 1g) has the same 
results as the TAHG filter, except that the THVH filter shows more detail with 
better sharpness than the TAHG. The NTHVH filter (Fig. 1f) has almost the same 
results as the NTAHG filter, but it brings sharper edges compared to the NTAHG filter. 
By using this filter, one can easily determine the geometric shape and position 
of adjacent bodies. However, the NTHVH map is noisy and this is one of its most 
important drawbacks.

Table 1. Geometric and magnetic parameters of the magnetic sources of the synthetic model 1 in Figure 1 (Magnetic Field=48000 nT, Inclination=90° and Declination=0°).

Model Label Depth (m) Thickness (m) Strike length (m) Depth extent (m) Magnetic susceptibility (SI) Dip (deg) Azimuth (deg)
P1 10 100 500 1000 0.02 90 0
P2 20 100 500 1000 0.02 90 -45
P3 30 100 500 1000 0.02 90 45
P4 10 100 400 600 0.02 90 0
P5 40 100 400 600 0.02 60 0
P6 60 100 400 600 0.02 45 0
P7 30 100 100 1000 0.02 90 0
P8 20 100 100 1000 0.02 90 0
P9 10 100 100 1000 0.02 90 0

P10 30 600 300 1000 0.02 90 0
P11 10 200 100 1000 0.01 90 0
P12 10 100 300 1000 0.01 90 0
P13 20 100 300 1000 -0.02 90 0
P14 30 100 300 1000 0.02 90 0
P15 10 50 800 1000 0.01 90 0
P16 20 50 800 1000 0.02 90 0
P17 30 50 800 1000 0.02 90 0
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Figure 1. (a) Synthetic Model 1 indicating the location of the AB and CD profiles (see Figs. 2 and 3). (b) Magnetic anomaly of the model 1. (c) TAHG map. (d) NTAHG map. 
(e) TAS map. (f) NTAS map.  (g) THVH map. (h) NTHVH map.

To aid in visualizing the quality of the above interpretations, Figures 
2 and 3 show the results of the TAHG, NTAHG, TAS, NTAS, THVH, and NTHVH 
filters on the AB and CD profiles in Figure 1a. As can be seen, all the novel 
filters accurately show bodies of the same depth with the same intensity, while 
the commonly used filters provide the same intensity for all the bodies.

Analyzing magnetic anomalies can be challenging due to the influence 
of induced and remanent magnetization, which affects their shape. In this case, 
reducing the data to magnetic pole may not be possible. To estimate the efficacy 
of the proposed methods in this case, we consider the second synthetic model 
(Fig. 4a) with an inclination of -20° and a declination of -20°. The geometric and 
magnetic parameters of the bodies in this model are provided in Table 2, and the 
magnitude of the magnetic field is 28000nT. Figure 4b shows the magnetic 

anomaly of the model. Figure 4 (c)-(h) show the results from applying the 
TAHG, NTAHG, TAS, NTAS, THVH, and NTHVH methods to magnetic data of the 
second model. As can be observed from these figures, the TAS and NTAS filters  
(Figs. 4e and f) are much more efficient at determining the edge of anomalies 
than the other methods. The most important advantage of these filters is that 
they are less dependent on the direction of the magnetization vector than the 
other filters. Since the NTAS values are dependent on the source depth, it can be 
used to estimate the relative depths of the bodies.  Each of the new filters has 
disadvantages and advantages, therefore it is important to note that using 2 or 
3 methods together improves the interpretation procedure by incorporating the 
advantages of each method.
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Figure 2. Profile AB constructed from synthetic model 1(see Fig. 1a).
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Figure 3. Profile CD constructed from synthetic model 1(see Fig. 1a ).
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Figure 4. (a)  Synthetic Model 2. (b) Magnetic anomaly of model 2. (c) TAHG map. (d) NTAHG map. (e) TAS map. (f) NTAS map. (g) THVH map. (h) NTHVH map.

Table 2. Geometric and magnetic parameters of the magnetic sources of the synthetic model 2 in Figure 5 (Magnetic Field=28000 nT, Inclination= -20° and Declination= -20°)

Model Label Depth (m) Thickness (m) Strike length (m) Depth extent (m)
Magnetic 

susceptibility 
(SI)

Dip (deg) Azimuth (deg)

B1 20 100 500 1000 0.025 90 0
B2 30 100 500 1000 0.025 90 0
B3 40 100 500 1000 0.025 90 0
B4 40 800 600 1000 0.025 90 0
B5 20 400 300 1000 0.025 90 0
B6 30 100 100 1000 0.025 90 0
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4. Application to magnetic data of the Finnmark area

To estimate the effectiveness of the proposed methods for real case 
scenarios, we applied them to interpret real data from the Finnmark area, North 
Norway (Fig. 5). The northern region of Norway (Fig. 5) is mainly composed of 
rock complexes formed during the Precambrian to Early Palaeozoic era. Most 
of these rock complexes were involved in the Caledonian orogeny to varying 
degrees. The bedrock geology can be broadly divided into two categories 
- the precise definition of the Caledonides and a mid-crustal continental 
lithospheric basement made up of native crystalline complexes that date from 
the Neoarchaean to the Late Palaeoproterozoic. According to Gaál et al. (1989) 
and Daly et al. (2006), these structures define the Fennoscandian Shield’s 
northern boundary. Most of the ancient Precambrian rocks can be found in 
the western Troms and eastern Finnmark areas. These rocks include some that 
have undergone Caledonian action or have been incorporated into Caledonian 
Nappes (Fig. 5). Figure 6a shows the geological map of the area (modified from 
Koistinen et al., 2001). This map depicts the presence of Precambrian rocks that 

are exposed in the southern part of the area and are dominated by the NW-SE 
trend. These rocks mainly include mafic to intermediate granulitic rocks and 
felsic to intermediate granulitic rocks. However, one of the Caledonian nappes 
(i.e., Gaissa Nappe Complex) obscures the Precambrian strata in the northern 
portion. In the middle of the study region, the Caledonian front thrust boundary 
is easily distinguishable.

To explore minerals, aeromagnetic measurements were carried out in the 
Finnmark area (highlighted by the yellow box in Fig. 5) from 2009 and 2014 
with a flight line separation of 200 m (Novatem 2012, 2014; Nasuti et al., 2019). 
The flight height was generally from 60 m to 200 m (Nasuti et al., 2019). The 
average intensity of the Earth’s magnetic field is 53600 nT. This selected area 
comprises adjacent deep and shallow anomalies, as well as anomalies of varying 
intensities. To reduce noise, the aeromagnetic data was upward-continued to 50 
m before calculating the filters. Aeromagnetic anomalies were also reduced to 
the north magnetic pole using the inclination and declination angles of 78.5° 
and 10.6°, respectively. Figure 6b shows the reduction to the pole of upward-
continued magnetic data.

Figure 5. The tectonostratigraphic map of northern Scandinavia (modified from Koistinen et al., 2001), with the study area delimited by the yellow box.

Figure 6. (a) Geological map of northern Norway. (b) Magnetic anomalies of the area.
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The results from applying the TAHG, NTAHG, TAS, NTAS, THVH, and 
NTHVH filters to magnetic data in Figure 6b are displayed in Figure 7a-f. As can be 
observed, the proposed filters (Figs. 7b, d and f) allow for a clearer estimation of 
the edges in comparison with their counterparts (Figs. 7a, c and e). The new filters 
show deep anomalies with low amplitude and shallow anomalies with higher 
amplitude (rather than equally amplifying anomalies of different intensities and 
depths). In other words, the anomaly of the Precambrian layers (that are in the 
south to the center of the study area) is shown with a high amplitude and the 
anomaly of the other layers (that have gone from the center to the north of the 
region below Gaissa Nappe Complex) are presented with a low amplitude. The 

Precambrian layers are located at a greater depth in this area, or the thickness of 
the Gaissa Nappe Complex above the Precambrian layers is greater in this area 
than in other areas. Therefore, by observing the range of anomalies in the maps 
obtained from the proposed filters (Figs. 7b, d and f), we can understand the 
relative depth of the sources and can realize the trend of structures and tectonics in 
the region. In other words, the images obtained from the proposed methods cover 
a wider range of interpretations. Among these techniques, the NTHVH map (Fig. 7f) 
has shown the range of deep and shallow anomalies with better accuracy, so that 
the boundary of Caledonian with Precambrian can be better defined compared to 
other methods (Figs. 7b and d).

Figure 7. Application of different filters to high-resolution measured data from northern Norway. (a) TAHG map. (b) NTAHG map. (c) TAS map. (d) NTAS map.  
(e) THVH map. (f) NTHVH map. Red line depicts the international border.
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To further illustrate the strength of the filters, we selected a smaller area 
inside the black box shown in Figure 6a. Figure 8a shows the geological map of 
the study area, while Figure 8(b)-(d) exhibit the outcomes of the edge detection 
techniques, including NTAHG, NTAS, and NTHVH applied to magnetic data of this 
area. The NTAHG and NTHVH filters offer high sharpness in detecting the source 
edges, while the NTAS provide maxima over the sources. It was discovered that 
the NTAHG and NTHVH filters were very successful in locating the extension of the 
Precambrian rocks beneath the Gaissa Nappe. Moreover, the NTAHG and NTHVH 
filters also provided a clearer differentiation of the neighboring rock units. It 
is important to note that this approach not only improves the representation 
of structure continuity but also yields more lucid and organized visuals for the 
interpreter. Apart from the edges of the anomalies, our methods can estimate the 
relative depth of the magnetic structures in the area. As can be observed, the map 
of all the newly introduced methods (Figs. 8b, c and d) shows a decrease in the 
amplitude of anomalies related to the Precambrian layers from south to north, 
and the results obtained by these methods are highly compatible with each other. 

Figure 8. FApplication of the new methods on the selected area (see Fig. 6a for 
location). (a) Geological map of the area. (b)  NTAHG map. (c) NTAS map. (d) NTHVH 
map. Labels 1, 2, 3 and 4 are four anomalies determined from applying the new 

methods.

To investigate the placement of the adjacent layers based on Figure 8b, 
we labeled four anomalies 1, 2, 3 and 4. The NTAHG filter (Fig. 8b) does not show 
well the part of anomaly number one that is adjacent to anomalies 2 and 3. In 
the NTHVH map (Fig 8d), the source 1 is clear, but the NTAS filter (Fig. 8c) does 
not provide any response to this source. From the high amplitude of bodies 2 
and 3 in the NTHVH map, it can be said that the body 1 is deeper in this area than 
the bodies 2 and 3. Considering the location of the anomalies in the filter map 
and comparing it with other methods, it can be said that no magnetic remanent 

is observed in these data. The geological map of the area also confirms this for 
the Precambrian layers that are exposed in the southern part of the area.

5. Conclusions

In this study, some novel filters have been introduced for interpretation 
of the potential field data. The proposed approaches highlight and separate the 
edges of adjacent anomalies with different intensities. The anomalies around 
the source edges are initially removed. The responses over the edges of the 
anomalies will remain where the low amplitude responses are related to the 
deep bodies, while the high amplitude responses show the shallow bodies. 
These results, therefore, also present the relative depth of the source bodies. 
The proposed filtering strategies simplify considerably the interpretation of the 
potential data and provide a wider interpretation scope. Theoretical simulations 
demonstrated a better performance of the novel methods for filtering potential 
data in comparison with the original methods. Moreover, the results from the 
application of these techniques to real data from North Norway are consistent 
with the known geological structures of the area. In the real example, the new 
methods also yielded clearer results compared to traditional methods.
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