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ABSTRACT
In recent years, the analysis of satellite gravity data is used as a
powerful tool for geologic mapping. This study is based on vari-
ous filtered maps of Bouguer gravity anomaly data of the
Southwest Sub-basin (East Vietnam Sea) to delineate its main
structural lineaments. The effectiveness of modern filtering meth-
ods such as normalized analytical signal, improved version of tilt
angle and enhanced horizontal gradient amplitude has been esti-
mated with synthetic gravity anomalies before applying to the
gravity data of the Southwest Sub-basin. For synthetic examples,
the results show that the enhanced horizontal gradient amplitude
not only provides edges with high resolution but also prevents
spurious edges in the output maps. For real case, the obtained
structural map is consistent with many faults already recognized
in the Sub-basin, and the results provide new information leading
to a better understanding of the structural framework and tec-
tonic setting of the area.
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1. Introduction

The knowledge of the lateral boundaries of subsurface structures in oceanic areas is of
crucial interest in many geoscience applications, as the shapes of the structures, rather
than their depths, are representative of the tectonic situation and history of these areas.
The subsurface geologic structures can be determined by interpreting satellite gravity data,
as well as other geophysical data. The gravimetric data have signals with a large dynamic
amplitude range that depend on the geometry, depth and density of the source. Edge
enhancing filters usually try to emphasize characteristics of the gravity field facilitating
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interpretation of geologic structures of gravimetric anomaly data (Pham, Vu, et al. 2020).
There are many edge detectors based on gravity data derivatives for highlighting the
source edges (Pham 2020a). Some edge detector techniques such as the gradient ampli-
tude (Cordell and Grauch 1985), total gradient (Roest et al. 1992), enhanced total gradient
(Hsu et al. 1996), are often used to extract the source boundaries, but their results are
dominated by the signals generated by shallow structures (Nguyen et al. 2017; Pham,
Oksum, Do, et al. 2021; Pham, Oksum, Le, et al. 2021; Pham, Oksum, Vu, et al. 2021).
To balance the different signals, various techniques have been developed such as the tilt
derivative (Miller and Singh 1994), the gradient amplitude of the tilt derivative (Verduzco
et al. 2004), theta (Wijns et al. 2005), normalized horizontal derivative (Cooper and
Cowan 2006). However, these filters tend to generate secondary boundaries in the edge
maps (Pham, Oksum, Le, et al. 2021). Several approaches have been proposed to avoid
this problem, such as the tilt derivative of the gradient amplitude (Ferreira et al. 2013),
the normalized total gradient (Ma et al. 2015), the improved theta method (Yuan et al.
2016), the improved enhanced tilt derivative (Nasuti et al. 2019), the total directional
theta method (Zareie and Moghadam 2019). Recently, Pham, Eldosouky, et al. (2020)
have been developed another balanced filter extracting the edges, called the enhanced
horizontal gradient amplitude filter, and proved that this filter is more effective than the
traditional filters (i.e. total gradient, tilt derivative, the gradient amplitude of the tilt
derivative theta, normalized horizontal derivative and tilt derivative of the gradient ampli-
tude) in outlining the source horizontal boundaries. The use of edge enhancing filters has
shown great success in extracting the lateral boundaries of the subsurface structures in
the oceanic area (Pal et al. 2016; Narayan et al. 2017; Kha et al. 2018; Pham, Le, et
al. 2018).

The East Vietnam Sea (also known as the South China Sea) is located at the junction
of the Pacific Plate, Eurasian Plate and Indo-Australian Plate and is the key region of
interaction between the Tethyan and Pacific tectonic domain (Li et al. 2012; Ding and Li
2016). With abundant mineral resources, especially, oil and natural gas (Zhang et al.
2012; Savva et al. 2014), its structural framework and tectonic setting have always been a
significant research topic in Earth science community (Wang et al. 2020). The East
Vietnam Sea can be divided into the East, Northwest and Southwest Sub-basins (Yu et al.
2018; Wang et al. 2020). Of these Sub-basins, the Southwest Sub-basin is the most
important tectonic unit in the East Vietnam Sea (Ding and Li 2016). The study area
extends from latitude 10�N to 12�N and longitude 111�E to 113�E (Figure 1). It is a crit-
ical exploration area in regard to the history of evolution of the East Vietnam Sea (Zhang
et al. 2012). Previous gravity studies in the area were only focused on estimating the
depths to density interfaces through inversion of gravity data. For example, Braitenberg et
al. (2006), Dung et al. (2019) and Nguyen et al. (2020) determined the basement struc-
tures from the satellite-derived gravity data, while Li et al. (2010) estimated the depth to
the Moho interface from simple Bouguer gravity data. Li et al. (2008) and Yu et al. (2017)
applied the gradient amplitude and total gradient methods to magnetic data to extract the
structural lineaments of the East Vietnam Sea. However, the results obtained from these
methods are dominated by large amplitude anomalies. In addition, since their study cov-
ers a very large area, their map of estimated lineaments in the area is of low resolution.
Guo et al. (2015) used the hybrid positive-and-negative curvature method for detection of
the edges of magnetic anomalies in the East Vietnam Sea. Although the edges can be
determined by the zero contours of the hybrid curvature, it generates spurious zero con-
tours around sources, making it difficult to interpret the geological structures. Some other
authors (e.g. Gao et al. 2009; Ding et al. 2016; Ding and Li 2016; Zhang et al. 2019) used
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multichannel seismic data to study structures along some cross-sections of the Southwest
Sub-basin.

This study has two major objectives viz., (1) estimation of the effectiveness of advanced
filtering methods such as normalized analytical signal (NAS), improved version of tilt
angle and enhanced horizontal gradient amplitude using 3D models, (2) applying these
methods to the gravity data derived from the CryoSat-2 and Jason-1 satellites to delineate
structural lineaments of the Southwest Sub-basin (East Vietnam Sea). The results obtained
from this work provide a better understanding of the advanced processing filters, also
new elements which allow for improving knowledge on the structure of the Southwest
Sub-basin.

2. Geological setting

The East Vietnam Sea is one of the largest marginal seas in the western Pacific, which
was formed as a result of the continental margin rifting and spreading started � 65Ma
ago (Taylor and Hayes 1983; Pichot et al. 2014). It is bounded to the north by the South
China continental margin, to the south by Truong Sa islands block, to the east by the
Indochina block and to the west by the Philippine block. The East Vietnam Sea has a
complex tectonic history with abundant natural resources, especially, hydrocarbon (gas
and oil; Zhang et al. 2012).

Two opposite kinematic models of opening the East Vietnam Sea represent two mecha-
nisms that involve distinct driving forces. In the first model, the opening of the East
Vietnam Sea is only driven by the inferred sub-duction of the older oceanic crust into the
North Borneo trough to the south (Taylor and Hayes 1980). In the second model, the
continental rift is first developed at the tip of propagating left-lateral strike-slip faults. The
extension is then driven by the relative motion of Indochina and then pushed towards the

Figure 1. (a) Location of the study area and (b) tectonic map of the area (modified from Savva et al. 2014).
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SE relative to South China by the penetration of India into Asia (Tapponnier et al. 1982;
Leloup et al. 1995). Seafloor spreading in the East Vietnam Sea took place between 32
and 15Ma. During the latest Oligocene, the spreading axis jumped to the south and
propagated south-westward throughout the Early Miocene (Briais et al. 1993). Some stud-
ies on lateral extrusion have addressed the Red River and Qui Nhon basins located at the
northern part of the Phu Khanh Basin, which was formed through left-lateral strike-slip
displacement across the East Vietnam Boundary Fault Zone (Leloup et al. 1995).

Some studies on lateral extrusion have addressed the Red River and Qui Nhon basins
located at the northern part of the Phu Khanh Basin, which was formed through left-lat-
eral strike-slip displacement across the East Vietnam Boundary Fault Zone (Leloup et al.
1995). In the studied region, following a ridge start at around 25Ma, the Southwest Sub-
basin with NE-strike started to open and the spreading terminated at 16Ma. The age of
the oceanic crust in the SW Sub-basin was interpreted principally according to the mag-
netic anomaly (Briais et al. 1993). Although non-similar dating and locating were intro-
duced, the oceanic crust gets younger from east to west due to the multiphased opening
of a graben and NE trending basin developed along the continental shelf (Huang et al.
2019; Dong et al. 2020).

Based on bathymetric topography and magnetic anomaly characteristics, the East
Vietnam Sea is commonly divided into three Sub-basins: the East, Northwest and
Southwest Sub-basins (Wang et al. 2020). Our study corresponds to the Southwest Sub-
basin, which is located in the southwestern region of the East Vietnam Sea. Figure 2(a)
shows the bathymetry map (Smith and Sandwell 1997) of the Southwest Sub-basin with
many NE-SW trending faults that controlled the basin formation (Gao et al. 2009). The
bathymetry data was obtained from global sea floor topography (Smith and Sandwell
1997; Sandwell et al. 2014), which is derived from satellite altimetry and ship depth
soundings. The data is available from Scripps Institution of Oceanography (University of
California San Diego, United States) for download at https://topex.ucsd.edu/cgi-bin/get_
data.cgi. This Sub-basin is a V-shaped Sub-basin opening to the northeast, and its average
water depth is about 4000m (Figure 2(a)). It is characterized by NE-SW tectonic trends
(Li et al. 2012). Recent studies show that seafloor spreading in the Southwest Sub-basin
started around 23.6Ma and stopped around 16Ma (Li et al. 2014; Yu et al. 2018; Wang et
al. 2020), which is consistent with the spreading age model reported by Taylor and Hayes

Figure 2. (a) Bathymetry map and (b) free-air gravity anomaly of the study area. The black lines show the faults in
the study region (Gao et al. 2009).
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(1983) and Briais et al. (1993). The model of Li et al. (2014) suggests that the Southwest
Sub-basin is a slow spreading ridge with the spreading rate decreased from 50 to 35 km/
Myr at the end of expansion in the East Vietnam Sea. In contrast to the East Vietnam
Sea, the analysis of magnetic anomalies in the Southwest Sub-basin shows shallower Curie
depths with an average depth of 27 km and higher heat flow with an average value of
120mW/m2, indicating a younger oceanic crust (Li et al. 2010). The results obtained from
interpreting multichannels seismic data show that the depth to the basement in the study
area ranges from 2.5 to 5 km (Lu et al. 2016), while the depth calculated from gravity
data ranges from 4.0 to 6.5 km (Nguyen et al. 2020). The reason is that Nguyen et al.
(2020) used the Parker-Oldenburg method (Oldenburg 1974) that is based on the assump-
tion that the density of sedimentary rocks above the basement interface is uniform.
However, the density of sediments is rarely uniform in nature, so this assumption is often
unrealistic (Chakravarthi et al. 2013; Pham, Oksum, et al. 2018).

3. Data and methodology

3.1. Data

The gravity data set used in this study is based on 10 � 10 grid gravity data derived from
the CryoSat-2 and Jason-1 satellites, which has two times more accuracy compared to the
previous gravity model (Figure 2(b); Sandwell et al. 2014). To obtain the Bouguer gravity
anomaly, the gravitational effect of seawater is replaced with the gravitational effect of
rock using a density contrast of 1.64 g/cm3. After the correction, the Bouguer gravity map
of the study area is shown in Figure 2(b) (Pham 2020a, 2020b). In recent years, the appli-
cations of the boundary enhancement techniques to the satellite gravity data have shown
great success (Vaish and Pal 2015; Pal et al. 2016; Kumar et al. 2018, 2020; Kunnummal
and Anand 2019; Pham et al. 2019; Chouhan et al. 2020; Pham, Kafadar, et al. 2021).

3.2. Methodology

One of the classical applications of gravimetric methods is the detection of subsurface
geologic structures. This section describes the theoretical background of the modern filter-
ing methods such as NAS, improved version of tilt angle and enhanced horizontal gradi-
ent amplitude.

The NAS, introduced by Ma (2015), normalizes the gradient amplitude of the analyt-
ical signal using the absolute value of the vertical derivative of the analytical signal. The
method is given by:

NAS ¼ atan

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
oAS
ox

� �2
þ oAS

oy

� �2
r

oAS
oz

�� �� , (1)

where @AS/@x, @AS/@y and @AS/oz are the x, y and z derivatives of the AS, respectively.
The AS is given by:

AS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
oF
ox

� �2

þ oF
oy

� �2

þ oF
oz

� �2
s

, (2)

where @F/@x, @F/@y and @F/@z are the derivatives of the potential field data F. The source
horizontal boundaries are determined by the maximum values of NAS.
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Nasuti et al. (2019) proposed the HG_STDR filter which uses a combination of the
second-order vertical gradient and the derivatives of the horizontal gradient. The peaks of
HG_STDR can be used to extract the source edges. The HG_STDR method is given by:

HGSTDR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
oSTDR
ox

� �2

þ oSTDR
oy

� �2
s

, (3)

where STDR is defined as

STDR ¼ atan
M � o2F

oz2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
oHGA
ox

� �2
þ oHGA

oy

� �2
r (4)

with M is absolute gravity value of the study area, o2F=oz2 is the second-order vertical
derivative of the field F, oHGA/ox and oHGA/oy are the x and y gradients of the HGA
that is and given by

HGA ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
oF
ox

� �2

þ oF
oy

� �2

:

s
(5)

Another filter for enhancing the edge of the magnetic and gravity sources is introduced
by Pham, Eldosouky, et al. (2020) which is based on the inverse sine function and the
ratio between the vertical to the total gradient of the horizontal gradient amplitude HGA.
The filter is given by:

EHGA ¼ R asin k
oHGA
ozffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

oHGA
ox

� �2
þ oHGA

oy

� �2 þ oHGA
oz

� �2
r � 1

0
B@

1
CAþ 1

0
B@

1
CA

0
B@

1
CA, (6)

where k is a positive real number which is decided by the interpreter, oHGA/oz is z gra-
dient of the HGA. The EHGA generates the maximum amplitudes on the source horizon-
tal boundaries. In general, the k value greater than or equal to 2 will bring the best
results. Due to the nature of the inverse sine function, the EHGA values vary from –p⁄2
toþp⁄ 2. We have implemented the above filters as scripts for use in the software
MATLAB, version R2017a or above.

4. Synthetic model study

The effectiveness of the advanced processing methods is tested with gravity examples that
includes six prismatic sources with parameters given in Table 1. Figure 3(a,b) show the
3D and plan views of the model. The gravity anomaly of the model was calculated at
201� 201 grid nodes with 1 km spacing using Rao et al. (1990) method (Figure 4(a)).

Table 1. The parameters of the synthetic model.

Parameters/Sources 1 2 3 4 5 6

Centre coordinates (km; km) 70; 100 70; 100 70; 100 145; 125 145; 75 175; 100
Width (km) 30 50 90 25 25 4
Length (km) 30 50 90 25 25 140
Depth of top (km) 1 2 5 1 2.5 1
Depth of bottom (km) 2 5 8 2.5 4 3
Density contrast (g/cm3) –0.1 0.1 0.2 –0.3 –0.3 –0.3
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Figure 4(b) shows the NAS map. As it can be seen, the NAS method is very effective in
equalizing the signals with the different amplitudes. This method can detect the edges
of the source 1, but for other sources, the peaks of the NAS are shifted out from the
true borders, making estimated edges appear larger than reality. In addition, the NAS
method produces the secondary boundaries around the sources 1 and 2, and above the
sources 4 and 5. Figure 4(c) shows the HG_STDR map. Clearly, the HG_STDR filter
allows for a more accurate estimation of the source edges compared to the NAS filter.
Although this method shows a very high resolution for the estimated edges, it brings
the secondary edges above the source 1 and around the sources 2, 4 and 5. Figure 4(c)
shows the EHGA map with the estimated edges are located over the source edges.
Similar to the HG_STDR method, the EHGA method also provides an image with high
resolution. However, the EHGA method can avoid producing the secondary edges
around or above the sources.

To examine the performance of the methods in noisy case, the gravity data in Figure
4(a) was corrupted with 5% Gaussian noise. The noise-corrupted data is displayed in
Figure 5(a). Figure 5(b,c) depict the edge maps detected by applying the NAS and
HG_STDR methods, respectively. Although the HG_STDR method produces more accur-
ate results than the NAS method, both methods are strongly affected by the noise in the
data, and these methods also produce secondary boundaries in the input maps. Figure
5(d) displays the edges estimated by the EHGA method. We can see that the method is
less sensitive to noise than other methods. The method provides the edges with high reso-
lution, and it does not bring any false information.

As the methods use second derivatives of the gravity data, it is recommended to
apply an upward continuation filter to noisy data before calculation of the edges. In
Figure 6(a), an upward continuation filter of 1 km was applied to the noisy data from
Figure 5(a). Here, a trial-and-error procedure has been used to detect the height of the
upward continuation of the gravity data. Figure 6(b,c,d) depict the edges determined by
the NAS, HG_STDR and EHGA methods, respectively. Although the HG_STDR method
yields more accurate edges compared to the NAS filter, both methods bring the false
boundaries in the input maps. In this case, the EHGA map shows the edges more
clearly than other methods. Moreover, the EHGA is less sensitive to noise than the
NAS and HG_STDR methods, and there is not any misleading information in the
EHGA edge map.

Figure 3. Three dimensional and plan views of the synthetic model.
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5. Results of application to gravity data of the Southwest Sub-basin

The Bouguer gravity data (Figure 7(a)) used in this study was computed by Pham
(2020b) using 10 � 10 grid gravity data derived from the CryoSat-2 and Jason-1 satellites.
The result determined by applying the NAS method is shown in Figure 7(b). This method
is effective in balancing the large and small signals. However, the NAS method yields the
results with lower resolution, and some adjacent boundaries are connected, making it dif-
ficult to extract geological structures. Figure 7(c) shows the result determined by using
the HG_STDR method. Although this filter provides the higher resolution results com-
pared to the NAS method, some adjacent boundaries determined by this method are also
connected. Moreover, as shown in the model examples, both the NAS and HG_STDR
methods give rise to artifacts in the edge detection results. Thus, using the results from
the NAS and HG_STDR methods may lead to wrong interpretations of the structures of
the area. Figure 7(d) shows the result of applying the EHGA method to the Bouguer grav-
ity anomaly data in Figure 7(a). We can see that the EHGA filter can show the gravity
lineaments more clearly compared to other methods. Clearly, the method not only equal-
izes the weak and strong anomalies simultaneously but also avoids connecting the adja-
cent boundaries.

Figure 4. (a) Gravity anomaly without noise, (b) NAS, (c) HG_STDR and (d) EHGA.
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According to Jacobsen (1987) and Kebede et al. (2020), when the gravity field is
upward continued to a height z, it maps the sources located at and below the depth z/2.
The results obtained from interpreting multichannels seismic data show that the depth
to the basement in the study area ranges from 2.5 to 5 km (Lu et al. 2016). Thus, an
upward continuation of 5 km was applied to the Bouguer gravity data in order to reduce
the noise effect and aid extraction of structures buried at and below the depths 2.5 km
(Figure 8(a)). Figure 8(b,c,d) shows the result estimated by the NAS, HG_STDR and
EHGA methods, respectively. The edge map determined from application of the NAS
method once again shows that the NAS does not function well for extracting the gravity
lineaments. The NAS method is also more sensitive to noise than the HG_STDR and
EHGA methods, and the lineaments obtained from this method are more diffuse than
those extracted from other filters. Like the above results, the boundaries extracted by
the NAS and HG_STDR methods appear to be more interconnected, complicating the
detection of geological structures. It is worth noting the HG_STDR and EHGA methods
can determine the edges in higher resolution compared to the NAS filter. However, the
EHGA map shows the lineaments more clearly compared to the NAS and
HG_STDR maps.

Figure 5. (a) Gravity anomaly with noise, (b) NAS, (c) HG_STDR and (d) EHGA.
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6. Discussions

A comparison of the results obtained from the synthetic examples (Figures 4–6) shows
that the EHGA method detects the edges of all sources much better than the NAS and
HG_STDR methods. In the NAS method, the found edges are more than in reality. In
addition, the edges detected by this method appear more diffuse and wider than they are.
Unlike the NAS method, the HG_STDR method extracts the edges of causative bodies
with very high accuracy with any diffused boundaries. However, it is noteworthy that
both the NAS and HG_STDR methods yield the false edges that tend to connect. Figures
4(d), 5(d) and 6(d) show that the EHGA method can provide reliable results even for
gravity field due to multiple interfering sources. Another advantage of the EHGA method
is that it is less sensitive to noise than the NAS and HG_STDR methods. The reason is
that the NAS is based on the derivatives of the analytic signal, and the HG_STDR method
uses third-order derivatives, whereas the EHGA method uses only the first-order deriva-
tives of the horizontal gradient (Pham et al. 2019).

The NAS, HG_STDR and EHGA methods are also applied to the gravity data from the
Southwest Sub-basin (East Vietnam Sea). In the NAS method, the ratio between the deriv-
atives of analytical signal is used to balance the signals with the different amplitudes.
However, as shown in Figures 7(b) and 8(b), the differentiation of the analytical signal

Figure 6. (a) Upward continued gravity anomaly, (b) NAS, (c) HG_STDR and (d) EHGA.
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might amplify the noisy signals, which is one of the main disadvantages of the NAS
method. In addition, as we showed in the synthetic model, the NAS method does not
exactly define the source edges. For real case, the peaks of the NAS do not show the same
trends with the faults already recognized in the Sub-basin (Figure 2). These peaks also do
not match with the contacts between the known geological units in the area (Figure 1(b)).
Because the zero contours of the second-order vertical derivative of the gravity anomaly
data are near the edges of the density structures, the HG_STDR method can bring a more
accurate estimation of the source horizontal boundaries. The results obtained from this
method (Figures 7(c) and 8(c)) show a good correlation with the NE-SW trend of geology
structures in the area (Figures 1(b) and 2). Unfortunately, the HG_STDR method produ-
ces some false structures. The reason is that the second-order vertical derivative also pro-
duces the false zero contours around the sources. These false zero contours tend to
connect, making it difficult to delineate geological structures. It is known that any true
geological lineament is continuous for some distance until terminated at another linea-
ment, which would be a fault or contact (Tschirhart and Morris 2015). In this case, the
edges estimated by the EHGA method are oriented in the same trend (Figures 7(d) and
8(d)). The peaks of the EHGA correspond to the horizontal boundaries of buried struc-
tures. Hence, they enable to extract the lineaments/faults in the Southwest Sub-basin. By
comparing estimated structures by the EHGA method with the known geologic structures
(Figure 1(b)), we can see that the contacts between Oceanic crust and other geologic

Figure 7. (a) Bouguer gravity anomaly, (b) NAS, (c) HG_STDR and (d) EHGA. Black line in (a) shows the location of
the seismic section presented in the following.
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formation types are well extracted by the EHGA method. In general, the lineaments in
the EHGA maps correlate very well with the geologic characteristics in the Southwest
Sub-basin. For another comparison, Figure 9(b) shows the EHGA values of the Bouguer
gravity data and upward continued Bouguer gravity data (Figure 9(a)) along the cross-sec-
tion AA0 which the seismic data of this section has been interpreted by PetroVietnam
(Figure 9(c)). It can be seen that there is a good correlation between seismic data and the
images of the EHGA, with many of peaks indicating the faults.

The boundary detection results of the EHGA method in Figures 7(d) and 8(d) are
marked to locate the lineaments and corresponding strike directions. The rose diagrams
of the marked lineaments using the EHGA filter show a major trend in NE-SW direction
(Figure 10(c,d)). We compare in Figure 10(a,b) the density boundaries interpreted from
the EHGA maps with the faults reported by Gao et al. (2009). We can see that the NE-
SW trending lineaments in the EHGA maps show a good correlation with the trend of
the known normal faults in the Southwest Sub-basin. The faults controlled the Sub-basin
formation are also of NE-SW trend and formed grabens mostly (Gao et al. 2009). The
EHGA maps illustrate the presence of NE-SW directed faults characterized by an exten-
sional movement which is responsible for the partition of the region into blocks. The
existence of these faults indicates strong extensional tectonic activity that resulted in the
formation of several half-grabens and domino-style rotated blocks, as reported by Ding et

Figure 8. (a) Upward continued Bouguer gravity anomaly, (b) NAS, (c) HG_STDR and (d) EHGA. Black line in (a) shows
the location of the seismic section presented in the following.
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Figure 9. (a) Bouguer gravity data (red line) and upward continued Bouguer gravity data (blue line) of the profile
shown in Figures 7(a) and 8(a). (b) EHGA of Bouguer gravity data (red line) and EHGA of upward continued Bouguer
gravity data (blue line) and (c) interpreted seismic section.

Figure 10. (a) Superposition of the lineaments extracted by the EHGA of the Bouguer gravity data with faults
reported by Gao et al. (2009). (b) Superposition of the lineaments extracted by the EHGA of the upward continued
gravity data at a height of 5 km with faults reported by Gao et al. (2009), (c) synoptic rose diagram representing
marked lineament/faults trends of the Bouguer gravity data and (d) synoptic rose diagram representing marked linea-
ment/faults trends of the upward continued gravity data.
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al. (2016). Various models for the opening of the East Vietnam Sea were proposed. The
first considered the collision between India and Eurasia directed to the extrusion of the
Indochina and the opening of the East Vietnam Sea (Tapponnier et al. 1982; Leloup et al.
1995). Other models suggested a mantle plume was at the origin of the extension (Flower
et al. 1998). The third model proposed dragging of the Proto-East Vietnam Sea subduc-
tion resulted in the extension and formation of the East Vietnam Sea (Taylor and Hayes
1983). Although the models are different, they accepted the extension along the
Southwest Sub-basin with NE-strike.

Figure 11 shows the superposition of the lineaments obtained from application of the
EHGA filter to the Bouguer gravity data and upward continued gravity data at a height of
5 km. We can see that the lineaments of the upward-continued data are more continuous,
which may reflect deep structures. The obtained results in Figure 11 compare favorably with
the V-shaped configuration of the Southwest Sub-basin. The existence of the NE-SW trending
lineaments in the EHGA maps indicates that the Sub-basin appears to extend farther north-
east beyond the border of the interpreted map, which is also well reflected in the rifting
model in the SWSB of Ding et al. (2016) and Ding and Li (2016). Moreover, some lineaments
coincide with NE-SW trending faults defined by the analysis of the reflection seismic data
(Ding and Li 2016). In addition, the results obtained from the EHGA filter demonstrate the
existence of many lineaments that are not extracted by other geophysical/geological studies.
For example, the circular one at the northwest corner, or the long ones around latitude
10.5�N and longitude 112�E to 112.5�E. These results illustrate the usefulness of the EHGA
method for interpreting gravity data. The EHGA filter balances the amplitudes of the anoma-
lies generated by shallow and deep structures, making the most of the information existed in
gravity data, for interpretation of qualitative research.

7. Conclusions

We considered the effectiveness of modern filtering methods such as NAS, HG_STDR
and EHGA in geologic mapping through gravity data. Initially, the gravity anomalies of

Figure 11. Superposition of the lineaments extracted by the EHGA maps of the Bouguer gravity data with faults
reported by Gao et al. (2009).
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the synthetic model with and without noise have been enhanced using these methods.
Findings show that the structures detected by the NAS are larger than reality, both NAS
and HG_STDR methods produce the secondary boundaries in the edge maps, whereas
the EHGA filter allows for an accurate estimation of the source edges without any false
edges. Further, the NAS, HG_STDR and EHGA have been applied to gravity data of the
Southwest Sub-basin (East Vietnam Sea) to delineate its main structural lineaments. The
obtained results show that the lineaments of all wavelengths have been enhanced by using
these methods. However, the NAS method yields the results with lower resolution, and
the lineaments extracted by the NAS and HG_STDR methods are connected, making it
difficult to extract geologic structures. The results also reveal that the EHGA method
could be regarded as more suitable density lineament delineation method than the NAS
and HG_STDR methods. It is observed from the EHGA maps that the lineaments show a
major trend in NE-SW direction, which compare favourably with many faults already rec-
ognized in the Southwest Sub-basin. Moreover, the results obtained from this study show
the existence of many new structures that are not determined by other geophysical/geo-
logical studies.
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