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Abstract: Detecting the boundaries of geologic structures is one of the main tasks in interpreting grav-
ity anomalies. Many methods based on the derivatives of gravity anomalies have been introduced to
map the source boundaries. The drawbacks of traditional methods are that the estimated boundaries
are divergent or false boundaries appear in the output map. Here, we use the exponential transform
of the tilt angle of the horizontal gradient to improve the edge detection results. The robustness of
the presented method is illustrated using synthetic data and real examples from the Voisey’s Bay
Ni-Cu-Co deposit (Canada) and the Tuan Giao (Vietnam). The findings show that the presented
technique can produce more precise and clear boundaries.
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1. Introduction

Geophysical methods are known as a powerful tool in mapping geological structures
and minerals [1-6]. The gravity method is characterized by low cost and broad coverage
compared to other geophysical surveys [7,8]. Interpreting gravity data provides important
information about subsurface geological features [9-11]. The enhancement techniques of
gravity anomalies can quickly determine the boundaries of the structures, and bring more
abundant information for interpreting geologic formations [12-15].

Many techniques have been developed for enhancing gravity data [16-22]. These
techniques are based on gradients of the anomalous field [23-26]. Unbalanced and balanced
edge detection techniques are the two primary types of edge enhancement techniques [27].
The horizontal gradient [28], analytic signal [29], enhanced horizontal derivative [30], and
analytic signals of gravity gradient tensor [31] are the unbalanced filters that are most often
used for enhancing gravity data. The unbalanced methods can delineate the boundaries
of shallow sources with high amplitudes, but they have limited detection effects on the
boundaries of low amplitude anomalies [12,32].

To outline the boundaries of sources located at different depths, some balanced tech-
niques have been developed. Most of these methods have been based on trigonometric
functions, such as the tilt angle [33], theta map [34], exponential transform of the theta
map [35], and normalized horizontal gradient [36]. A second generation of these methods
involved high-order derivatives, for example, the tilt angle of the horizontal gradient [37],
horizontal directional theta map [38], the horizontal gradient of the Ntilt [39], directional
theta [40], logistic functions [41,42], enhanced horizontal gradient [43], and horizontal
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gradient of the improved normalized horizontal gradient [44]. The effectiveness of the edge
detection techniques in terms of their precision in the determination of edges has been
estimated in some recent studies [45-48]. Most of these studies showed that the tilt angle
of the horizontal gradient is a powerful tool in mapping geological structures, but its edge
map has a low resolution [46—48].

In this paper, we present a method to improve the edge detection results. Our method
uses the exponential transform of the tilt angle of the horizontal gradient to bring the edge
detection results with a high resolution and avoid producing additional edges in the output
map. The application of the presented method is shown on real examples from the Voisey’s
Bay Ni-Cu-Co deposit (Canada) and the Tuan Giao (Vietnam).

2. Method

The theta map is a popular method in edge detection of potential field data, which
normalizes the horizontal gradient by the analytic signal [34]. This method is defined as:

(8- (3

TM = cos . (@)

)+ () ()
where F is the gravity field.

To delineate the source boundaries more clearly, in 2013, Li suggested using the
exponential transform of the theta map that is given by [35]:
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where p is a constant decided by the interpreter. The use of p = 4 or 8 can make the edges
more clearly [35]. The maxima of the ETM correspond to the source edges. Although the
ETM can improve the resolution of the TM, it does not remove false edges in the edge map

of the TM.
Another popular method is the tilt angle of the horizontal gradient that is given by [37]:

ETM =exp| p X cos )

9HG
TAHG = atan 9z . (3)
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where the horizontal gradient (HG) is given by:
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Although the use of the TAHG can avoid bringing false information, its estimated

boundaries are divergent. Here, we follow Li [35] to improve the resolution of the tilt angle
of the horizontal gradient. The method is defined as:

JHG
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The maxima of the ETAHG correspond to the source edges. Similar to the TAHG, it
does not produce false information in the edge map. However, it can yield the edges with a
higher resolution compared to the TAHG.

3. Methods Used for Comparison

To estimate the robustness of the presented method, we compared it to popular
methods such as the horizontal gradient (HG), analytic signal amplitude (AS), theta map
(TM), and some recent methods such as the exponential transform of the TM (ETM),
tilt angle of the horizontal gradient (TAHG), horizontal gradient of NTilt (HGNTilt) and
horizontal gradient of impTDX (HGimpTDX). The HG, TM, ETM and TAHG formulas are
given in Section 2, while the AS, HGNTilt and HGimpTDX are shortly summarized below.

The AS is one of the most commonly used filters, which uses the peaks to extract the
edges, and is defined as [29]:

OF\*  (oF\?  (0F\?
= () () () ©
The HGNTIilt uses the horizontal gradient of the NTilt to enhance the edges. The
method is given by [39]:

N2 N 2
HCNTIlt — ONTilt L ONTilt ’ @)
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where NTilt is defined as:

2r
NTilt = atan | k? oz , (8)
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with AS; and k given by:
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and M is the regional gravity value.

Recently, the HGimpTDX method was introduced to improve the resolution of the
edges. The technique is based on the hyperbolic tangent function, and is given by [43]:

. | (dimpTDX\?*  [9impTDX >
HGimpTDX = \/(E)x) + <8y> , (11)
where impTDX is defined as:
62712-"
impTDX = tanh 9z . (12)
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with TDX given by [36]:
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4. Results and Discussion
4.1. Synthetic Examples

In this section, we estimate the effectiveness of the ETAHG through synthetic gravity
examples with and without noise. The synthetic model includes five prisms, as shown in
Figure 1a. The parameters of the model are presented in Table 1. Using these parameters,
the gravity anomaly of the model is calculated and shown in Figure 1b.
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Figure 1. (a) The model. (b) Gravity anomaly of the model. The gray line denotes a profile.

Table 1. Parameters of the model.

Parameters P1 P2 P3 P4 P5
Center coordinates (km; km) 60; 100 60; 100 130; 155 130; 100 130; 45
Width (km) 4 40 30 30 30
Length (km) 110 140 60 60 60
Depth of top (km) 2 3 3 6 9
Depth of bottom (km) 3 5 7 10 13
Density contrast (g/cm?) 0.2 0.3 0.2 —-0.2 0.2

In the first example, we applied the selected methods to gravity data in Figure 1b.
Figure 2a presents the result of the HG method. It can be observed that the HG cannot
equalize the different anomalies. The HG can determine the edges of the sources P2 and
P3, but responses from other sources are faint. Figure 2b displays the edges outlined by
the AS. It is observed that the AS is less effective in mapping the edges of the thin or deep
sources. The results obtained from the method are fairly faint. Figure 2c presents the
edges determined by the TM method. The method can equalize anomalies with different
amplitudes, but it generates some false edges around the body P4. Figure 2c displays the
edges determined by the ETM with p = 1. It is obvious that the ETM result is similar to the
TM but has a higher resolution. The ETM was also computed using p = 4 (Figure 2e) and
8 (Figure 2f), as recommended in [35]. Clearly, the use of the ETM with p = 8 can generate
sharper signals over the edges but the edge information of the body P1 is lost. Figure 2g,f
display the edges delineated by the HGNTilt and HGimpTDX methods, respectively. Both
methods generate the edges with a very high resolution, but some additional edges appear
in the output maps of these methods. Figure 2i presents the edges determined by the
TAHG method. Although the method can detect all the edges, the edges obtained from this
method are divergent. Figure 2j-o display the edges delineated by the ETAHG withp =1, 2,
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3,4, 6 and 8, respectively. As can be observed from these figures, the ETAHG maps have
a higher resolution compared to the TAHG. Although the resolution of the ETAHG map
increases when using larger values of p, the edges of the body P1 are lost or faint.
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Figure 2. Results of data in Figure 1b. (a) HG. (b) AS. (¢) TM. (d) ETM with p = 1. (e) ETM with p = 4.
(f) ETM with p = 8. (g) HGNTilt. (h) HGimpTDX. (i) TAHG. (j) ETAHG with p = 1. (k) ETAHG with
p =2. (I) ETAHG with p = 3. (m) ETAHG with p = 4. (n) ETAHG with p = 6. (0) ETAHG with p = 8.

The results of the TAHG and ETAHG from Figure 2 were also compared in a horizontal

profile (Figure 1b). Figure 3a shows the gravity anomaly along this profile. Figure 3b-h

display the edges determined by the TAHG and ETAHG withp =1, 2, 3, 4, 6 and 8,
respectively. One can note from these figures that the signals over the edges along the
ETAHG profiles are sharper than those of the TAHG. However, the amplitude of the
transformed signal over the source P1 decreases as the p value increases. The ETAHG
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produces weak amplitude responses when the p value is greater than or equal to 2. For this
reason, we used p = 1 in the subsequent ETAHG calculations.
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Figure 3. (a) Gravity data along the profile in Figure 1b. (b) TAHG. (c) ETAHG with p = 1. (d) ETAHG
with p = 2. (e) ETAHG with p = 3. (f) ETAHG with p = 4. (g) ETAHG with p = 6. (h) ETAHG with p = 8.

To estimate the sensitivity of the ETAHG to random noise, we consider the second
example where gravity data in Figure 2b was corrupted with 3% Gaussian noise (Figure 4a).
Figure 5a-h display the edges delineated by applying the HG, AS, TM, ETM, HGNTIlt,
HGimpTDX, TAHG and ETAHG to gravity data in Figure 4a, respectively. As can be observed
from these figures, the HG and AS are less sensitive to noise than others. However, these
methods are dominated by the bodies P2 and P3. The TM, ETM, HGNTilt, HGimpTDX,
TAHG and ETAHG are less sensitive to the depth of the bodies. As the HGNTilt and
HGimpTDX are based on the third derivatives and/or fourth derivatives, they are more
sensitive to noise than the TM, ETM, TAHG and ETAHG. In this case, the ETAHG still shows
the edges more clearly than other methods.
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Figure 4. (a) Gravity data corrupted with 3% Gaussian noise. (b) Upward continued gravity data.
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Figure 5. Results of data in Figure 4a. (a) HG. (b) AS. (c) TM. (d) ETM with p = 4. (e) HGNTilt.
(f) HGimpTDX. (g) TAHG. (h) ETAHG withp = 1.

Since the enhancement techniques of gravity data are based on derivatives of the
field, they amplify the noise. To attenuate the noise effect, the noise-corrupted data were
subjected to an upward continuation filter of 1 km before using the techniques (Figure 4b).
Figure 6a—h present the edges delineated by applying the HG, AS, TM, ETM, HGNTIilt,
HGimpTDX, TAHG and ETAHG to gravity data in Figure 4b, respectively. It is obvious that
the HG can clearly outline the edges of the bodies P2 and P3, but the responses over the
other sources are faint (Figure 6a). The AS cannot outline the edges of the dike P1 and
deep sources P4 and P5 (Figure 6b). The ETM shows sharper edges than the TM, but both
methods still generate false boundaries around the body P4 (Figure 6¢,d). Although the
HGNTIlt and HGimpTDX can determine most of the edges with a very high resolution, some
additional edges still appear along the north-south edges of the body G1, and around the
body P4 output maps of these methods (Figure 6e,f). The TAHG and ETAHG can highlight
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all the source boundaries without any false information. However, the ETAHG generates
higher resolution boundaries of the sources.
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Figure 6. Results of data in Figure 4b. (a) HG. (b) AS. (c) TM. (d) ETM with p = 4. (e) HGNTilt.
(f) HGimpTDX. (g) TAHG. (h) ETAHG withp = 1.

4.2. Real Examples
4.2.1. Voisey’s Bay Ni-Cu-Co Deposit

One of the most important mineral discoveries in Canada over the last few decades is
the Voisey’s Bay Ni-Cu—-Co deposit, which is situated on the northeast coast of Labrador
(Figure 7) [49]. The primary ore body is the ovoid that is being mined at the moment
(Figure 7). With horizontal dimensions of 650 by 350 m and a maximum depth extension
of 120 m, it is a massive sulphide lens with an elliptical shape. It is estimated that there
are 30 million tons of proven and probable reserves, grading 2.9% nickel, 1.7% copper, and
0.14% cobalt [49]. The deposit is linked to the Voisey’s Bay intrusion, which crosses the
1.85 Ga east-dipping collisional boundary between the Archean Nain Province to the east
and the Proterozoic Churchill Province to the west (Figure 7) [50,51].
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Figure 7. Geology of the Voisey’s Bay area showing the location of the Voisey’s Bay Ni-Cu-Co deposit
(red star) (adapted from [50,51]).

The Bouguer gravity map of the Voisey’s Bay is shown in Figure 8a [52]. The Bouguer
gravity map of the Voisey’s Bay comprises the primary ore body. Figure 8b—i present
the edges delineated by applying the HG, AS, TM, ETM, HGNTilt, HGimpTDX, TAHG
and ETAHG to gravity data in Figure 8a, respectively. It can be observed that the peaks
of the HG, HGNTilt, HGimpTDX, TAHG and ETAHG demonstrated the presence of a
primary ore body with an approximate ellipsoidal form, as reported by some other studies
(Figure 8b,f-i) [49,53]. However, the HG and TAHG results are divergent. The HGNTilt and
HGimpTDX are very effective in providing high resolution boundaries, but they bring some
additional boundaries at the edges of the study area. In this case, the AS does not provide a
clear image of the main ore body (Figure 8c), while the TM and ETM bring false maxima in
the northeastern region. Comparing the results, one can observe that the ETAHG does not
yield additional edges, and it can provide the edges more clearly compared to others.

4.2.2. Tuan Giao Area

The Tuan Giao area is located between the South China block and the Sundaland block.
Itis considered as a part of the transition boundary zone between these two blocks [54]. Two
main factors, the (i) collision of the Indo-Australian and Eurasian plates and (ii) subduction
of the Pacific plate under Eurasian plate, explain that the Tuan Giao area has high dynamic
activities. The Tuan Giao is a mountainous area with a complicated geological structure
(Figure 9), dominated by many active faults, such as the Dien Bien Phu fault, Son La fault,
Song Da fault and Song Ma fault [55-57]. From the works of many researchers, young
materials (i.e., magmatic rocks) intruded into old sedimentary rocks environment through
the faults (Figure 9) [55,56]. For this area, Permian—Triassic sediment rocks dominate the
most area while the rest as thin stripes disseminate along faults. In this area, there were at
least seven earthquakes, with a magnitude of above five occurring from 1914 to 1983. These
earthquakes are shown in Figure 5. The two biggest earthquakes occurred at Dien Bien in
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1935 (M 6.8) and Tuan Giao in 1983 (M 6.7) (Figure 9). Both earthquakes severely damaged
homes and infrastructure and killed or injured dozens of people in landslides [54]. Since
then, no earthquakes with a magnitude of 5 have occurred in the study area; thus, this is a
high-risk area for earthquakes. Therefore, accurately determining the location of faults in
high-risk earthquake areas is necessary to have accurate earthquake hazard assessments
and earthquake forecasts in the area.
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Figure 8. (a) Bouguer data of the Voisey’s Bay Ni-Cu—Co deposit. (b) HG. (c) AS. (d) TM. (e) ETM
with p = 4. (f) HGNTIlt. (g) HGimpTDX. (h) TAHG. (i) ETAHG withp = 1.
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Figure 10a displays the Bouguer gravity map of the Tuan Giao [58]. Figure 10b—i
display the boundaries delineated by applying the HG, AS, TM, ETM, HGNTilt, HGimpTDX,
TAHG and ETAHG to Bouguer gravity data in Figure 10a, respectively. One can observe
that the HG and AS are dominated by anomalies at the northern part of the area, and
these methods do not yield images of the structural boundaries. The obtained image
maps from the application of the TM, ETM, HGNTilt, HGimpTDX and TAHG allow us to
extract the structural boundaries, and show the boundaries of the large and small signals
clearly (Figure 10d-h). While the edges in the TM, ETM and TAHG are divergent, the
HGNTilt and HGimpTDX produce very sharp edges. However, the use of the HGNTilt and
HGimpTDX may bring some additional edges, as shown in the synthetic examples. In this
case, the edges determined by the ETAHG are more precise and clearer (Figure 10i). It can
be observed from Figure 10i that the ETAHG map shows a dominant NW-SE structural
trend of density bodies that correspond favorably to the geological formations of the Tuan
Giao. In addition, the maximum locations in the ETAHG map exhibit a strong correlation
with a large number of NW-NW-SE trending faults in the region.
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Figure 10. (a) Bouguer data of the Tuan Giao. (b) HG. (c) AS. (d) TM. (e) ETM with p = 4. (f) HGNTIilt.
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5. Conclusions

In this paper, we have presented an improved method to extract the edges of gravity
data. The method uses the exponential transform of the tilt angle of the horizontal gradient
to enhance the edges. The theoretical tests show that the presented method can extract
the edges of shallow and deep bodies simultaneously. In addition, this method produces
results with more precise and clear boundaries compared to other methods. The application
of the presented method is illustrated in mapping structures of the Tuan Giao (Vietnam)
and boundaries of the Voisey’s Bay Ni-Cu-Co deposit (Canada). The findings from the
real examples are in agreement with the known structures of the study areas. Assuming
that the magnetization direction is known, we can compute RTP magnetic data. Then, the
presented method can be used for interpreting magnetic data.
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