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Abstract

Enhancement of the boundaries of geologic structures is one of the main goals in interpretation of
gravity anomalies. A range of different algorithms based on field derivatives has been introduced to
solve this problem. Among these algorithms, the curvature gravity gradient tensor and its modifications
are widely used in enhancing gravity data. These algorithms, however, have some main limitations
such as the estimated edges are not compatible with the actual edges or bringing false information.
In this study, I introduce a new technique based on the eigenvalue of the curvature tensor. The
robustness of the presented technique is exemplified using model studies and a real-world dataset
of the Vredefort dome (South Africa). The model studies show that the proposed filter can provide
more accurate results and avoid artifacts in the output map. The real application result shows a good
correlation between the edges highlighted by the presented algorithm and ring structures in the dome.
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1. Introduction

The initial geophysical method adopted for oil and gas exploration was the gravity method, which remains critic
al and indispensable in some exploration regions, despite being overshadowed by seismology [Nabighian et al., 2005;
Pham and Prasad, 2023; Ekinci et al., 2020, 2023; Narayan et al., 2023a, b, c]. In mining applications, the gravity
technique is used to determine subsurface structures and calculate ore reserves for some massive sulphide ore
deposits [Nabighian et al., 2005]. Interpretation of gravity anomalies provides valuable information on the
horizontal location of causative geological bodies [Ekinci and Yigitbas, 2015; Kumar et al., 2018; Saibi et al., 2019;
Ganguli et al., 2019, 2024; Sahoo et al., 2022a, b; Sarkar et al., 2022; Ekka et al., 2022; Pham et al., 2022a, Ganguli and
Pal 2023; Narayan et al., 2021, 2023d; Kamto et al., 2023; Alvandi et al., 2023; Aprina et al., 2024]. Numerous filters
have been provided to map source edges, mainly based on gradients of gravity anomaly data [Cordell and Grauch,
1979; Roest et al., 1992; Wijns et al., 2005; Ekinci et al., 2013; Kafadar, 2022; Nasuti et al., 2018, 2019; Pham et al.,
2020; 2022b, c; Dwivedi and Chamoli 2021; Prasad et al., 2022a, b; Alvandi et al., 2023; Pham, 2023, 2024a, b].

Evjen [1936] initially used the zero value of the gravity vertical derivative (VD) to extract the borders. The method
is formulated as:
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The use of the zero value of the gravity second vertical derivative (SVD) is another technique for edge detection
[Nabighian et al., 2005; Pal et al., 2016; Narayan et al., 2016]. The SVD can be obtained in the space domain from
the horizontal derivatives by using the Laplace formula [Gupta and Ramani, 1982]:
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The SVD enhances near-surface anomalies at the expense of deeper anomalies [Pal and Majumdar, 2015; Vaish
and Pal, 2015]. However, the width of the SVD is narrower than the VD and thus supposedly easier to interpret
[Mickus, 2021].

Miller and Singh [1994] introduced a normalized detector, called the tilt derivative (TDR), that is based on the
ratio of derivatives of gravity data. The method uses the zero contours of the tilt derivative to extract the source
edges, and is given by:

JoF

TDR = atan——92 (3)

Gy + (%)

Orug et al. [2013] introduced the curvature gravity gradient tensor (CGGT) to determine horizontal locations of
isolated bodies. The matrix is constructed from the tensor components of the gravity potential g, and is defined as:

-0 ) @

The determinant of the curvature gradient matrix det(I") is used to map the borders of gravity data [Orug et al.,
2013], which is given by:

det(I") = 1,1, ®)
where the eigenvalues A of I are given by:
1 .
A = E Jxx T Gyy T (gxx - gyy) + 4gxy P (6)
and
1 2 2
Ay = 2 Gxx T Gyy — (gxx - gyy) + 4‘gxy . )

According to Zhou et al. [2013], the CGGT method cannot be applied to complex gravity datasets including both
positive and negative data. They improved the CGGT method using a combination of the gravity anomaly with large
eigenvalue (IE). Their method is given by [Zhou et al., 2013]:

1 2 2
IEZE gxx*F+gyy*F+ (gxx*F_gyy*F) +4(gxy*F) : ®
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The zero contours of the det(I") and IE are used to outline the borders of causative geological bodies [Oruc et al.,
2013; Zhou et al., 2013; Dung, 2016; Dung et al., 2019]. However, these methods produce false edges or the estimated
edges are not in good agreement with the real edges [Zhou and Geng, 2014; Wang et al., 2015].

The goal of this work is to present a new technique based on the eigenvalue of the curvature tensor to map
source edges with higher accuracy and without artifacts. I have demonstrated the application of the new technique
on model studies and a real dataset of the Vredefort dome, South Africa.

2. New method

Similar to the curvature tensor of the gravity potential [Orug et al., 2013], the curvature tensor of the gravity
anomaly F is constructed from the tensor components of the gravity anomaly, and is defined by:

F, F,
rF = ( e ) 9
Eyx By ©
The eigenvalues A of the matrix are given by:

F_1 2 2
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and

p_1 2 2

A= 7\ Box + By = (Fx — Eyy)" +4F3 ). (11)

Here, I follow Zhou et al. [2013] to create a new filter by combining the gravity anomaly with large eigenvalue (GE),
which is defined as:

1 / Y% %
GE:E FXX*F+Fyy*F+ (F;CX*F _Fyy*F) +4(ny*F) ’ (12)

where F’ is obtained by multiplying the field F by a positive constant less than one k. In general, k = M
IFminI + IFmaxl
will yield the best result, however, in some cases, the value of k should be decided from the result.

The primary goal of the suggested technique is to identify locations with sudden variations in density. Similar
to the IE technique, the zero contours of the GE present the borders of the bodies. Since the proposed filter does
not use the vertical derivatives, it is less sensitive to noise than the recent techniques.

In this study, the suggested technique and others are implemented in Matlab programming language environment.

3. Synthetic tests

In this section, I examine the validity of the present filter on two synthetic models. I also compare the outputs
of my filter with those calculated by other filters such as VD, SVD, TDR, CGGT and IE.

The first model includes three prismatic sources Al, A2 and A3 with positive density contrasts. Parameters of
the sources are given in Table 1. The 3D view and theoretical gravity anomaly of the model are depicted in Figs. 1a
and 1b, respectively. Figs. 2a-2f present the VD, SVD, TDR, CGGT, IE and GE filters of the anomaly in Fig. 1b,
respectively. The zero contours of these filters are shown by the red lines, while the dashed green lines show the
true edges. As depicted in these figures, the VD and TDR cannot discriminate between three prismatic sources,
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and present them as if they are resulted from one body (Figs. 2a and 2c). The CGGT and IE provide a more precise
estimation of the borders than the VD and TDR, but the CGGT brings other additional edges, while the IE method
does not (Figs. 2d and 2e). In addition, the edges of the sources A2 and A3 are significantly deformed. Although,
both the SVD and GE have a better performance in mapping the edges compared to other filters, the zero contours
in the SVD map are shifted outward from the real edge locations of the deeper sources A2 and A3 (Figs. 2b and 2f).
Comparing Figs. 2a-2f shows that the GE filter gives the most accurate estimation of the source edges.

Parameters Al A2 A3

Center coordinates (km; km) 2;2.4 1.55; 1.7 2.45; 1.7
Width (km) 0.3 0.4 0.5
Length (km) 0.3 0.4 0.5
Depth to the top (km) 0.1 0.25 0.4
Depth to the bottom (km) 0.4 0.6 0.8
Density contrast (g/cm?) 0.1 0.25 0.3

Table 1. Parameters of the first model.
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Figure 1. (a) The first model, (b) Gravity anomaly of the sources with positive density contrasts. The green lines indicate
the real borders of the sources.

The second one includes four larger prismatic sources B1, B2, B3 and B4, which is similar to the model of
Orug et al. [2013]. The model includes both positive and negative density contrasts with parameters given in Table 2.
The 3D view of the model and its gravity data are depicted in Fig. 3a and 3b, respectively. Figures 4a-4f show the VD,
SVD, TDR, CGGT, IE and GE filters of data of Figure 3b, respectively. It can be seen that the VD and TDR generate false
edges (Figs. 4a and 4c). These filters cannot map the western edge of the body B3 (Figs. 4a and 4c). In addition, the
estimated edges of the deep sources (B2, B3 and B4) show the bodies larger than reality (Figs. 4a and 4c). Although
the SVD shows a better result compared with the VD and TDR, it still brings false edge information (Fig. 4b). It can
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Figure 2. Enhancement of gravity data of the first model with positive density contrasts: (a) VD, (b) SVD, (c) TDR, (d) CGGT,
(e) IE, (f) GE. The green lines indicate the real borders of the sources, and the red lines are zero contours.
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be seen from Fig. 4d that the CGGT allows for a more precise estimate of the borders than the VD, SVD and TDR,
but it generates some small artificial structures. In this case, the IE and GE can map all the borders without other
additional borders (Figs. 4e and 4f). However, the zero contours in the IE map are shifted outward from the true
borders of the deep prisms B2, B3 and B4 (Fig. 4e). According to these findings, I can say that the GE technique
provides better performance in boundary mapping compared with the VD, SVD, TDR, CGGT and IE filters.

Parameters B1 B2 B3 B4
Center coordinates (km; km) 12.5;34 33;39 32;23 15;12.5
Width (km) 5 7 15 10
Length (km) 22 7 8 5
Depth to the top (km) 0.5 1.5 2 1
Depth to the bottom (km) 10 10 10 10
Density contrast (g/cm5) 0.2 -0.2 -0.2 0.2

Table 2. Parameters of the second model.
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Figure 3. (a) The second model, (b) Gravity anomaly of the sources with positive and negative density contrasts. The green
lines indicate the real borders of the sources.

To delve deeper into the ability of the proposed filter to identify source edges in the presence of noise, I added
Gaussian noise with an amplitude of 0.2% of the anomaly amplitude to the observed field (Fig. 5a). Figures 5b-5g
show the VD, SVD, TDR, CGGT, IE and GE filters of anomalies in Figure 5a, respectively. One can see from these
figures, the VD, SVD, TDR and GE filters are more noise-sensitive than the CGGT and IE methods. The reason is
that the VD, SVD, TDR and GE filters use the vertical derivative or second order horizontal derivatives of the gravity
anomaly, while the CGGT and IE use second order horizontal derivatives of the gravity potential. Although the CGGT
and IE are less sensitive to noise, the bodies estimated from these techniques appear larger than their actual size.
For the noisy field, it is advised to apply an upward continuation filter to eliminate noise before calculating the
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borders [Nasuti and Nasuti, 2018]. Figure 5h depicts the GE result after applying a 1 km upward continuation filter.
As can be seen from this map, the proposed technique GE can provide a more accurate estimate of the anomaly
borders even though the field is affected by the upward continuation filter.
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Figure 4. Enhancement of gravity data of the second model with positive and negative density contrasts: (a) VD, (b) SVD,
(c) TDR, (d) CGGT, (e) IE, (f) GE. The green lines indicate the real borders of the sources, and the red lines are
zero contours.
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Figure 5. (a) Gravity data in Figure 3b contaminated with Gaussian noise having an amplitude of 0.2% of the anomaly
amplitude, (b) VD, (c) SVD, (d) TDR, (e) CGGT, (f) IE, (g) GE of noisy data in Figure 5a, (h) GE of 1 km upward-
continued data. The green lines indicate the real borders of the sources, and the red lines are zero contours.
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4. Real study

The practical application of the new filter GE was estimated by outlining structural features of the Vredefort
dome. The dome is located in the Witwatersrand Basin, South Africa (Fig. 6). It is the largest verified impact
structure on Earth [Jahn and Riller, 2009]. The dome includes a 40 km wide core of high-grade Archean gneisses
that is surrounded by a 15-20 km wide collar of late Archaean to early Proterozoic rocks (Fig. 6) [Lana et al., 2003;
Dellefant et al., 2022]. The Archean basement rocks in this core are composed of a complex high-grade metamorphic
terrane that is dominated by gneisses (Fig. 6). The southern and southeastern parts are largely obscured by
Phanerozoic sediments (Fig. 6).
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Figure 6. Geological map of the Vredefort dome [modified from Lana et al., 2003].

The Bouguer gravity anomalies of the area was provided by the Council for Geoscience, South Africa. The Bouguer
gravity map is shown in Figure 7 with 1 km grid spacing.

Figures 8a-8c show the VD, SVD and TDR of anomalies in Figure 7, respectively. As can be seen, the findings
obtained from these techniques are quite similar. However, the SVD map provides more structural features than the
VD and TDR. Figs. 8d-8e show the CGGT and IE of anomalies in Figure 7, respectively. As presented in these figures,
the CGGT brings a complicated map of structural features, while the boundaries in the IE map are discontinuous.
The result of the presented method is shown in Fig. 8f. This result demonstrates the existence of ring structures in
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Figure 7. Bouguer gravity anomaly of the Vredefort dome.

the dome, as reported by some other authors [e.g., Beiki, 2010; Beiki and Pedersen, 2010; Pham et al., 2021]. These
structures are well correlated with the geological map of the dome. In addition, the CGGT, IE, and GE maps revealed
the presence of an isolated body beneath sediments in the southeastern corner of the dome. The result in the CGGT
map shows some additional boundaries that are not represented in the IE and GE maps. However, these boundaries
may be false edges that appeared in the theoretical examples. Although the VD, SVD and TDR and GE demonstrate
the existence of ring structures in the dome, the GE result shows smaller causative geological bodies than those
from the VD, SVD and TDR. As demonstrated in the theoretical examples, the GE has lower source depth sensitivity,
while the VD, SVD and TDR results bring the structure larger than its true size for the deep sources. Therefore, it can
say that the result obtained from the proposed technique GE provides a more precise estimate of the borders of the
geological bodies in the Vredefort dome.

5. Conclusions

I have introduced a new filter (GE) for more precisely mapping the source borders. The presented filter was
demonstrated on synthetic examples, and gravity anomalies from the Vredefort dome, South Africa. The GE filter
is able to map the borders of gravity data with more accuracy and without spurious edges when compared to
other filters. Further, as a real data application, the estimated boundaries from anomalies of the Vredefort dome
demonstrate the existence of ring structures in the dome. Consequently, I conclude that the presented technique
is a useful tool for outlining the source borders from gravity anomalies.

10
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Figure 8. (a) VD, (b) SVD, (c) TDR, (d) CGGT, (e) IE, (f) GE. The red lines show zero contours.
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