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Abstract

One of the primary objectives in interpreting potential field data is to delineate the horizontal
boundaries of subsurface geological structures. Several detectors have been developed to achieve this
goal by utilizing field-directional gradients. However, these detectors are associated with limitations,
such as low resolution, the generation of spurious edges, and dependence on the depth of the
causative source. In this study, we introduce two novel detectors that combine gradient amplitude
derivatives with the Elliott function (EF) and a modified version of the Elliott function (MEF) to
enhance the clarity and precision of boundary identification. The effectiveness of these proposed
techniques is demonstrated through the evaluation of synthetic gravity and magnetic datasets, as
well as a real case study from the Indiana region in the United States. To mitigate noise in both
synthetic and real models, vertical derivatives have been calculated using the B-vertical derivative
ratio (B-VDR) technique. Our results indicate that the proposed filters can reduce artifacts in the
pseudo-boundary map and produce high-resolution outcomes.

Keywords: Boundary detection; B-VDR technique; Elliott function; Modified Elliott function;
Potential field

1. Introduction

Interpreting potential field data offers essential insights into subsurface geological features that are not easily
observable through conventional techniques. Compared to other geophysical methods, potential field techniques
provide greater cost efficiency and comprehensiveness (Ardestani et al., 2022; Alvandi et al., 2022a; Pham et al.,
2024). To identify geological structures, horizontal boundary detection filters are commonly employed to interpret
anomalies of potential field data (e.g., Ekinci and Yigitbas, 2015; Pal et al., 2016; Cooper, 2020; Narayan et al., 2021;
Deniz Toktay et al., 2021; Eldosouky et al., 2021; Alvandi et al., 2022b; Chen and Zhang, 2022; Pham et al., 2022;
Pham and Prasad, 2023; Alvandi and Ardestani, 2023; Pham, 2023; Al-Bahadily et al., 2023; Alvandi et al., 2023;
Al et al., 2024a; Alvandi and Motavalli-Anbaran, 2024; Deniz Toktay et al., 2024). A variety of methods have been
developed to delineate these horizontal boundaries, primarily by utilizing first-order and second-order derivatives
of the potential field data (Eldosouky et al., 2022; Alvandi and Ardestani, 2023).
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The horizontal boundaries were identified by Cordell and Grauch (1985) using the Total Horizontal Derivative
(THDR). In the THDR detector, the buried source boundaries of the potential field exhibit the highest values.
The THDR can be expressed as follows:

THDR = (Z—DZ + (Z—DZ 1)

oT aT
In Eq. (1), e and oy represent the x- and y-directional derivatives of the reduced-to-the-pole (RTP) magnetic

and gravity data.

Roest et al. (1992) mapped the horizontal boundaries of the causative source using the peaks of the analytic
signal amplitude (AS). The total gradient is another term for the AS detector, which is defined by utilizing both the
vertical and horizontal derivatives of the field (Nabighian, 1984). This can be expressed as follows:

5= |0+ (G ()

aT
Inrelation (2), 3 represents the vertical derivative of the field. One drawback of these detectors is their limited

capacity to delineate deep boundaries (Alvandi et al., 2023; Ai et al., 2024a). Additionally, AS is unable to accurately
define the edges of thin sources.

Local phase filters, also known as normalized detectors, have been developed to solve this issue. The tilt
derivative (TDR), or tilt angle, serves as a local phase detector by normalizing the vertical derivative through the
use of horizontal derivatives. The formula for the TDR detector is presented as follows (Miller and Singh, 1994):

aT
TDR = tan™! | ——02 (3)

G0y + (G

Although the TDR can detect various anomalies at different depths, it does not generate sharp signals over
horizontal boundaries (Eldosouky et al., 2022).

Cooper and Cowan (2006) introduced a revised version of the total horizontal derivative, known as the horizontal
tilt derivative (TDX) detector. This detector normalizes the THDR using the vertical gradient and identifies the
maxima over the horizontal boundaries of the body. The TDX is expressed as follows:

aT\?  (9T\?
(&) + ()
— -1
TDX = tan —0_T 4)
0z

Ferreira et al. (2013) introduced another detector for identifying horizontal boundaries. This detector is known
as the tilt derivative of the THDR (TAHG), which can be calculated as follows:

dTHDR
TAHG = tan™? 0z (5)
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JdTHDR OTHDR JdTHDR
s and
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delineates the boundaries of shallow and deep structures (Alvandi et al., 2023; Ai et al., 2024b). However, the edge
resolution of the TAHG map is low (Alvandi and Ardestani, 2023; Ai et al., 2024b).

Based on Ferreira et al. (2013), Oksum et al. (2021) developed an improved detector known as the Fast-Sigmoid
Edge Detector (FSED). This detector is computed using the vertical and horizontal derivatives of the THDR and is
defined as follows:

In Eq. (5),

are derivatives of THDR in directions X, y, and z, respectively. The TAHG

R'—1

- - 6
FSED = 1— R (6)
where
OTHDR
Rl — aZ (7)
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The FSED peaks indicate the horizontal boundaries in a manner similar to the TAHG detector.

To enhance the resolution of edge detection maps, Ibraheem et al. (2023) introduced a detector that relies on
a user-selected parameter (M) to generate sharp signals and improve resolution. This detector is referred to as the
impTDX total horizontal derivative. The THDR impTDX detector can be expressed as follows:

_ dimpTDX\?>  /9impTDX)>
THDR_impTDX = ( ox ) +< )

dy ()
where the impTDX is given by:
2
M x (373)
impTDX = tanh )
dTDX\* | (dTDX)?
\/ ( 0x ) + ( dy )
JdTDX JdTDX 2°T aT
In Eq. (9), o and 3y are horizontal derivatives of TDX, o is the vertical derivative of the 3 and M is

the average value of the gravity and magnetic field.

2. Novel approaches (EF and MEF)

This study presents two advanced detectors with high-resolution capabilities that utilize the Elliott function
(Elliott, 1993) and its modified variant (Liu, 2022) to delineate the horizontal boundaries of potential field sources at
various depths. The arctangent and hyperbolic tangent functions have been applied to most of the filters introduced
in gravity and magnetic data edge enhancement techniques (Alvandi and Ardestani, 2023; Ai et al., 2024a). The Elliott
function, which closely resembles the inverse tangent function, is frequently employed to define the horizontal
boundaries in gravity and magnetic field data. This approach is exemplified in various methodologies, such as TDR
(Miller and Singh, 1994), TDX (Cooper and Cowan, 2006), and TAHG (Ferreira et al., 2013), among others. Building
on the work of Oksum et al. (2021), the directional derivatives of THDR are integrated with the Elliott function to
introduce a novel detector, referred to as the EF. This detector is formally defined as follows:

Rl
L =2

EF =2+ 1 2 (10)
7+ IR|
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where

OTHDR
3% 9z
R= -, (11)

2 2
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Additionally, another suggested detector utilizes a revised version of the Elliott function for the THDR derivatives.
The modified Elliott function (MEF) detector is expressed as:

1 (R/z)
MEF—E+< '—1+R2> (12)

In Eq. (10), the R-value is calculated using Eq. (11). The primary objective of the proposed detectors is to identify
regions that exhibit abrupt changes in density or magnetization. The peaks of the Elliott Function (EF) and the
Modified Elliott Function (MEF) delineate the boundaries of anomalous bodies. The amplitude of both the EF and
MEF ranges from 0 to 1. A significant advantage of these proposed filters is their ability to accurately and sharply
indicate boundaries. Unlike many contemporary high-resolution methods, the resolution of the EF and MEF results
does not depend on user-selected parameters (e.g., Pham et al., 2019; Ibraheem et al., 2023; Alvandi and Ardestani,
2023; Alvandi et al., 2023).

3. B-vertical derivative ratio method

aT
This study employs the B-vertical derivative ratio (B-VDR) technique to calculate vertical derivatives (a, and
JdTHDR
T)’ utilizing a novel formula to mitigate the effects of noise (Oliveira and Pham, 2022). Additionally, all
horizontal gradients and the total horizontal derivative (THDR) in Eq. (11) are computed in the spatial domain using

finite difference method (Ekinci et al., 2020).

OTHDR _ b; THDR(h,) + b, THDR(h,) + bsTHDR(hs) + b, THDR(h,) + bs THDR(hs)
oz Ah

(13)

where by, ..., bs are provided by:

b, = (2B% + 15B% + 358 + 25)/12.

b, = (—8B3 — 542 — 104 — 48)/12.

bs; = (1283 + 72p% + 114 + 36)/12. (14)
b, = (—8B3 — 42B% — 56p — 16)/12.

bs = (2B% +9B% + 118+ 3)/12.

Moreover, THDR(h;) is the data upward-continued to h; = dy — BAh — (i — 1)Ah, and d, is the observation plane
height. In this case, we followed the recommendation of Oliveira and Pham (2022) and used =30 and Ah =0.1
of grid spacing. For comprehensive mathematical details and implementation procedures of the B-VDR, refer to
Oliveira and Pham (2022).

In the following sections, the effectiveness of the proposed detectors will be evaluated by comparing their results
with those obtained from other detectors, including THDR, AS, TDR, TDX, TAHG, FSED, and THDR _impTDX.
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4. Application Over the Synthetic Data
4.1 Scenario-1

The effectiveness of the EF and MEF detectors is evaluated using three-dimensional synthetic magnetic and
gravity data, both with and without noise. The first scenario examines a model featuring five buried sources, as
illustrated in the perspective and plan views in Fig. 1. Table 1 presents a list of the characteristics of the buried
prisms. The buried sources were generated using the G&M?3D 1.0 package (Wei et al., 2023) at observation points
measuring 70 km x 70 km, with a sampling interval of 1 km (Fig. 1c).

Figure 2a illustrates the boundaries detected using the total horizontal derivative (THDR) method applied to the
anomaly depicted in Fig. 1c. This figure demonstrates that the large amplitude responses from the shallow sources
S4 and S5 dominate the THDR map, while the boundaries of the deeper sources S1, S2, and S3 are characterized by
very low resolution. Figure 2b illustrates the analytical signal (AS) detector applied to the gravity anomaly depicted in
Fig. 1c. The AS effectively enhances the anomalies associated with the shallow bodies S4 and S5; however, the edges of
the deeper sources S1,S2, and S3 appear blurred. Figure 2c presents the TDR map of the gravimetric anomaly depicted
in Fig. 1c. The TDR detector does not yield a sharp signal over horizontal boundaries and introduces spurious edge
information surrounding source S1. Figure 2d illustrates the edges identified by the horizontal tilt derivative (TDX)
detector applied to the gravimetric data in Fig. 1c. This detector produces diffuse borders and does not generate edge
information for the deep structure S2. Figure 2e illustrates the boundaries as estimated by the TAHG. This detector
is capable of simultaneously mapping edges located at varying depths; however, the resulting edge image exhibits
low resolution. Figure 2f illustrates the results of the FSED filter, which effectively delineates the boundaries of
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Figure 1. (a) A three-dimensional representation of the gravity model; (b) a plan view; (c) the corresponding gravity
anomaly; and (d) a depiction of the noisy gravity anomaly. In (c), the red dashed line represents a profile E-F
over the synthetic gravity model.
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Parameters/Label . S5 . L .83 p2 o
(irregular) (irregular) (cylinder) (sphere) (sphere)
The center x coordinate (km) 13 49 20 60 35
The center y coordinate (km) 31 14 60 50 40
Depth to the top of the source (km) 1 1 3 6 4
Depth to the bottom of the source (km) 3 10 9 13 10
Density contrast (g/cm3) 0.4 0.3 -0.5 -0.5 0.4

Table 1. Geometric parameters and designations of the synthetic gravity sources.
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Figure 2. Horizontal boundary determination maps of the data presented in Fig. 2c: (a) THDR, (b) AS, (c) TDR, (d) TDX,
(e) TAHG, (f) FSED, () THDR impTDX, (h) EF, and (i) MEF.
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the buried structures. Figure 2g illustrates the boundaries calculated using the THDR_impTDX detector, which was
applied to the gravimetric data shown in Fig. 1c. The THDR_impTDX offers a high-resolution representation of the
edges; however, it also generates false borders around the sources. Figure 2h depicts the boundaries identified by the
Elliott function (EF), which locates all sources with high resolution. Figure 2i presents the edges estimated by the
modified Elliott function (MEF). Similar to the EF, the MEF produces sharper edges compared to other methods. Unlike
THDR_impTDX, the proposed detectors can accurately map all body boundaries without introducing artificial edges.

4.2 Scenario-2

In order to enhance the clarity of the method’s efficacy, a two-dimensional cross-section was created, as
depicted in Fig. 3. The gravity data along the profile E-F is illustrated in Fig. 3a, while Figs. 3b to 3j present various
representations, including THDR, AS, TDR, TDX, TAHG, FSED, THDR impTDX, EF, and MEF. Notably, EF and MEF
demonstrate high resolution in mapping all edges compared to other methods, and the proposed detectors do not
delineate false boundaries between and around the buried bodies.
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Figure 3. 2-D cross section (Fig. 1c) constructed from the model, (a) gravity anomaly, (b) THDR, (c) AS, (d) TDR, (e) TDX,
(f) TAHG, (g) FSED, (h) THDR impTDX, (i) EF and (j) MEF.
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4.3 Scenario-3

To probe the accuracy of the proposed filters, we considered the third scenario where Gaussian noise with
standard deviation of 2 mGal was added to the gravity anomaly (Fig. 1d). Figures 4a through 4i display the boundaries
established by various detectors, including THDR, AS, TDR, TDX, TAHG, FSED, THDR_impTDX, EF, and MEF,
respectively. The THDR detector, which relies solely on horizontal gradients, demonstrates lower sensitivity to
noisy data compared to other detectors. However, it remains significantly affected by the deep anomalies associated
with structures S1, S2, and S3 (Fig. 4a). Figure 4b illustrates the edges identified by applying the AS to the anomaly
depicted in Fig. 1d. This analysis reveals that the large amplitude responses from the shallow sources S3 and S4
dominate the AS map, while the boundaries of the deeper sources S1, S2, and S3 exhibit significantly lower resolution.
The sensitivity of this filter is slightly higher than that of the THDR, attributable to the incorporation of the vertical
derivative. Figures 4c and 4d illustrate anomalies calculated using the TDR and TDX detectors, respectively. Although
both detectors produce balanced images for all sources, they also introduce artifacts around source S1. Figure 4e
illustrates the edges extracted using the TAHG method, which produces well-defined boundaries for buried sources.
However, the horizontal boundaries in the TAHG map appear diffuse. Figure 4f depicts the anomalies calculated by
the Fast-Sigmoid Enhanced Detector (FSED), which utilizes a fast-sigmoid function and THDR gradients, thereby
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Figure 4. Horizontal boundaries determination maps of data in Fig. 2d: (a) THDR, (b) AS, (c) TDR, (d) TDX, (e) TAHG,
(f) FSED, (g) THDR_impTDX, (h) EF, and (i) MEF.
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enhancing its effectiveness compared to other detectors. Figure 4g illustrates the edges extracted by the THDR_
impTDX detector. The sensitivity of THDR_impTDX surpasses that of other filters due to the incorporation of the
second vertical derivative in its calculations. Although this detector is effective in generating well-balanced images
from the source edges, the boundaries in the THDR_impTDX map appear diffuse, and the map contains numerous
false edges. Figures 4h and 4i illustrate the edges detected by the proposed EF and MEF detectors, respectively.
Notably, both EF and MEF effectively identify all edges, even in the presence of noise, without generating false edges
around or above the sources. In this context, both EF and MEF produce high-resolution edge images.

4.4 Scenario-4

In the fourth scenario, we evaluate the performance of the developed detectors using the magnetic data
obtained from the Bishop model. This dataset is frequently utilized by researchers to assess edge enhancement
techniques for complex buried structures (Florio, 2018; Chen and Zhang, 2022; Alvandi and Ardestani, 2023;
Al-Bahadily et al., 2023; Ai et al., 2024b). The synthetic data derived from the Bishop model, which is freely available
on the SEG website (https://wiki.seg.org/wiki/Bishop_Model), serves as a basis for assessing the effectiveness of the
proposed detectors. This evaluation includes a comparative analysis with established detectors, such as THDR, AS,
TDR, TDX, TAHG, FSED, and THDR _impTDX. Figure 5a depicts the depth of the model in relation to the volcanic
basement, whereas Figs. 5b and 5c display the magnetic anomaly associated with the Bishop model, both in the
absence and presence of noise.

(a)

km nT nT

Y (km)

200
-100

-200
100 200 300 100 200 300 100 200 300
X (km) X (km) X (km)

Figure 5. The bishop model includes: (a) basement relief depth, (b) magnetic anomaly, and (c) noisy magnetic anomaly.

Figures 6a and 6b illustrate the results obtained from the THDR and AS methods, respectively. The data indicate
that signals emanating from shallow sources primarily influence the outcomes of both techniques, while the
delineation of boundaries associated with deeper sources remains unclear. Figure 6¢ presents the boundary map
generated by the TDR method, which is characterized by its absence of sharp edges. Figure 6d illustrates the
constraints identified through the application of the TDX detector to the magnetic data shown in Fig. 5b. While
this method is effective in mapping all source boundaries, it often generates ambiguous information regarding the
boundaries between sources, leading to unclear boundary representations. Figure 6e illustrates the boundaries
identified by the TAHG detector, which can simultaneously map boundaries at various depths. However, despite
its advanced capabilities, the edge images generated by the TAHG have low resolution. Figure 6f illustrates the
boundaries determined by FSED, which can effectively map boundaries at various depths simultaneously. Figure 6g
illustrates the limits established by the THDR _impTDX detector as applied to the magnetic data presented in Fig. 5b.
This figure demonstrates that while THDR_impTDX offers a high-resolution representation of boundaries, it also
introduces false boundaries both between and around the sources. Figure 6h illustrates the contours detected by
the EF method. The EF method, similar to the THDR_impTDX and FSED methods, generates higher resolution
boundaries compared to those obtained by the THDR, AS, TDR, TDX, and TAHG detectors. However, in contrast to
the THDR_impTDX method, the EF method successfully delineates all body boundaries without introducing false
edges. Finally, Fig. 6i displays the boundaries detected by the MEF method, which also maps all high-resolution
boundaries, similar to the EF method.
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Figure 6. Horizontal boundary determination maps of the data presented in Fig. 5b: (a) THDR, (b) AS, (c) TDR, (d) TDX,
(e) TAHG, (f) FSED, () THDR impTDX, (h) EF, and (i) MEF.

4.5 Scenario-5

In the fifth scenario, a study was carried out to evaluate how sensitive the proposed detectors and other detectors
are to noise. The observed noise is characterized as Gaussian, with a standard deviation of 3 nT, as illustrated
in Fig. 5c. The defined boundaries obtained from the THDR and AS detectors are illustrated in Figs. 7a and 7b,
respectively. The THDR detector utilizes horizontal gradients of magnetic data, offering enhanced noise resistance
compared to the AS detector, as demonstrated by Saibi et al. (2019). Nevertheless, both detectors are once again
characterized by predominant signals originating from shallow sources. In this instance, the TDR and TDX accurately
differentiate the margins and create false edges between the origins (Figs. 7c and d). Figure 7e illustrates the
boundaries identified by the TAHG detector. This filter is effective in accurately defining everybody’s contour while
avoiding the creation of false boundaries. However, the contours present within the TAHG map display diffuse edges.
Figure 7f illustrates the outcomes of the FSED filter. This filter effectively equalizes different signals from different
sources; however, in this case, some edges are faint. Figure 7g illustrates the limits obtained using the THDR_impTDX
method. The data indicate that the THDR_impTDX technique is more sensitive to noise than other methods. The
THDR _impTDX detector operates by using the second vertical derivative of the magnetic data. Figures 7h and 7i
illustrate the edges detected using the EF and MEF methods introduced in this research. The proposed detectors
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Figure 7. Horizontal boundary determination maps of the data presented in Fig. 5c: (a) THDR, (b) AS, (c) TDR, (d) TDX,
(e) TAHG, (f) FSED, (g) THDR impTDX, (h) EF, and (i) MEF.

effectively identify all edges, even in the presence of noise, without generating false edges around or above the
sources. In this context, both the EF and MEF methods produce high-resolution edge images.

5. Application to Aeromagnetic Data

This section evaluates the effectiveness of the proposed filters through the analysis of aeromagnetic data from
the Indiana region in the United States. Figure 8 illustrates the geological map of the Indiana area, which features
Paleozoic-aged sequences of shale, limestone, and sandstone that exhibit a gentle eastward dip. These geological
formations resulted from the accumulation of materials during periods of rising sea levels that inundated extensive
portions of the North American continent (Haase et al., 2010). The bedrock units are overlain by unconsolidated
deposits formed from multiple glaciation events during the Tertiary and Quaternary periods. Indiana’s bedrock has
been subject to erosion since the late Pennsylvanian period, approximately 300 million years ago. Over the past
2 million years, the region has been covered by unconsolidated materials due to two major glacial advances and
retreats. Bedrock exposure is limited to the south-central region of the state, which remained unglaciated, and
specific areas adjacent to the Wabash River (Erd and Greenberg, 1960; Huizing and Russell, 1986).
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Figure 9. (a) Aeromagnetic data; (b) Reduced-to-the-pole aeromagnetic data for Indiana.

The interpretation of magnetic data is crucial for mineral exploration and geological mapping studies. The
magnetic anomaly data for the Indiana region in the United States were developed using grids that integrate
magnetic data collected by the United States Geological Survey (USGS) between 1947 and 1994 from 19 distinct
magnetic surveys (Henderson and Zietz, 1958; Philbin et al., 1965). The magnetic anomaly maps were digitized
along flight lines, which is considered the most accurate method for recovering the original data. All surveys were
conducted at an altitude of approximately 300 meters above the ground. The final magnetic anomaly grid, with a
500-meter interval, and a section of the magnetic anomaly map are utilized in the present study and are depicted
in Fig. 9a. In interpreting magnetic data, it is essential to first reduce the magnetic anomalies to the pole (RTP) due
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to the influence of the magnetization direction (Pei et al., 2020). The RTP aeromagnetic anomaly, obtained using
Inclination = 65° and Declination = -4° is displayed in Fig. 9b.

Figures 10a and 10b illustrate the total horizontal derivative (THDR) and analytical signal (AS) maps of the
aeromagnetic anomaly identified in the reduced-to-pole (RTP) dataset. The figures illustrate that the total horizontal
derivatives and the analytical signal exhibit large amplitude anomalies, which hinder the creation of an accurate
structural map of Indiana. Figure 10c illustrates the edge image generated by the TDR detector. This method offers a
balanced representation of magnetic sources; however, it produces edges with low resolution. Figure 10d illustrates
the results of the TDX detector. Although this detector is more efficient than the THDR, AS, and TDR in producing
clear edge images, the edges of the sources appear interconnected. Figure 10e presents the image map obtained
through the application of the TAHG algorithm. It is evident that the TAHG method can accurately identify the
source edges; however, the edges of the structures are not clearly defined, resulting in a low-resolution image, as
noted by Alvandi and Ardestani (2023). Figure 10f illustrates the results of the FSED filter, which effectively balances
various signals from various sources. However, in this example, the boundaries of the buried sources are not defined
by the maximum amplitude of the FSED. The boundaries delineated by the THDR_impTDX are illustrated in Fig. 10g.
Although this detector is capable of producing high-resolution structural images compared to other filters, it is
known to introduce false edges above and around the sources. Figures 10h and 10i illustrate the edges identified
by the EF and MEF. The EF and MEF demonstrate high-resolution edge detection when compared to alternative
techniques, without generating false edges.
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Figure 10. Horizontal boundary determination maps of the data presented in Fig. 9b: (a) THDR, (b) AS, (c) TDR, (d) TDX,
(e) TAHG, (f) FSED, () THDR impTDX, (h) EF, and (i) MEF.
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6. Conclusions

The identification of horizontal boundaries is crucial for the accurate interpretation of subsurface structures.
The precision of this process is significantly improved through noise reduction, which has led to the increased use
of innovative filtering techniques. Edge enhancement filters, which detect anomalies through derivatives, have
gained prominence despite their tendency to amplify noise within the dataset. However, the Elliott Function (EF)
and Modified Elliott Function (MEF) filters, when used in conjunction with vertical derivatives computed through the
B-vertical derivative ratio (B-VDR) method, demonstrate superior performance in enhancing both weak and strong
signals without introducing extraneous information into the edge map. The application of the EF and MEF filters
has notably resulted in the creation of a distinct structural map for a specific region in Indiana, providing valuable
insights for the development of a novel structural and tectonic framework. These filters are characterized by their
high resolution, ability to eliminate false edges, and capacity to reveal subtle geological features.

Data availability. The datasets generated during and/or analysed during the current work are available from the
corresponding author upon reasonable request.
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