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ABSTRACT

The Hoang Sa islands, located in the northern part of the East Vietnam Sea, lack information on geological
structural boundaries. The gravity data from the global marine gravity model were analyzed using the enhanced total
horizontal gradient methods to delineate geological structures that appear as lineaments on the transformed gravity
anomaly maps of the area. Before applying the techniques to gravity data of the Hoang Sa islands, their effectiveness
was demonstrated by comparing them with the results from the total horizontal gradient method for a synthetic
model. Applying the enhanced horizontal gradient methods shows that most of the lineaments identified in the Hoang
Sa islands are trending in the WSW-ENE, NE-SW, E-W, WNW-ESE and NNW-SSE directions. These results
provide a better understanding of the subsurface structural features of the islands.
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1. Introduction edge detection and enhancement techniques
are developed for interpreting potential field
data in the literature (Eldosouky et al., 2020;
Pham 2020; Pham et al., 2021a, b). The total
horizontal gradient method (THG) is a
conventional detector commonly used for
edge estimation (Cordell and Grauch, 1985).
The analytic signal is another popular
technique used to detect the boundaries of
subsurface structures (Roest et al., 1992).
Although these conventional techniques are
prevalent methods used to interpret potential
“Corresponding author, Email: luanpt@hus.edu.vn field data, they can produce false information

One of the classic applications of the
potential field methods is to depict lineaments
in potential field data using various filtering
techniques (Saibi et al., 2008; Kafadar 2017,
Eldosouky et al., 2021a, b; Echogdali et al.,
2021). This process is important since the
detected lineaments generally correspond to
the lateral boundaries of the geological
structures (Oksum et al., 2019, 2021a). Many
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or bring images in low resolution (Prasad et
al., 2022; FEldosouky et al., 2022a, b, c;
Ghomsi et al.,, 2022a). To overcome the
limitations of these traditional techniques,
researchers have proposed several other
approaches based on the gradients of potential
fields. For instance, Miller and Singh (1994)
introduced the tilt derivative technique based
on the arctan function of the ratio of the
vertical gradient to the THG. Fedi and Florio
(2001) introduced an enhancement of the
THG calculated by taking the gradient of a
sum of the vertical gradients. Verduzco et al.
(2004) suggested a detector based on the
gradient amplitude of the tilt derivative. Wijns
et al. (2005) proposed the theta technique that
normalizes the total gradient using the
gradient amplitude. Cooper and Cowan (2006)
introduced the normalized gradient amplitude
technique. Tatchum et al. (2011) developed a
technique (THGVD) based on the gradient
amplitude of the vertical gradient. Ferreira et
al. (2013) presented the BTHG method known
as the tilt angle of the THG. Pham et al.
(2020a, 2021c¢) presented an enhanced version
of the horizontal gradient amplitude (EHGA),
and softsign function (SF) filters that are
based on the derivatives of the THG. Apart
from the techniques mentioned above, many
other methods in the literature also rely on
potential field data gradients. (Hsu et al.,
1996; Cooper and Cowan, 2008; Beiki, 2010;
Kha et al., 2018; Pham et al., 2018b, 2020a, b;
2021c; Nasuti et al.,, 2019; Oksum et al.,
2021b; Melouah and Pham, 2021; Pham 2021;
Kafadar, 2022).

The Hoang Sa islands (Paracel islands) is
formed in the formation and evolution process
of the East Vietnam Sea (Guo et al., 2016).
The study area is located among the South
China block, Indochina block, and central
basin of the East Vietnam Sea between
109.5°E to 114°E and between 15°N and
18°N (Fig. 1a). There are many gases and oil-
bearing Cenozoic sedimentary basins around
the Hoang Sa islands (Guo et al., 2016). These
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basins provide a favorable environment for
forming and accumulating petroleum (Guo et
al., 2016). Thus, the knowledge of the
geological structures of the Hoang Sa islands
has an essential role in providing significant
guidance for exploring these hydrocarbon
basins. There are many studies based on
interpreting gravity data for describing
geological structures of the East Vietnam Sea.
Dung TT et al. (2013) and Trung and Huong
(2013) applied the Blakely and Simpson’s
algorithm to the total horizontal gradient of
gravity data to determine the fault systems of
the East Vietnam Sea. Since their calculations
cover a very large area, their estimated
structure images in the Hoang Sa islands are
of low resolution. In addition, their studies are
based on gravity data from a previous global
marine gravity model (Version 18.1) that is
less accurate than the current model (Version
29.1) (Sandwell et al., 2014). Dung NK et al.
(2019) used the curvature gravity gradient
tensor to estimate density boundaries in the
Hoang Sa and Truong Sa islands. Although
their structure maps have high resolution, the
obtained boundaries are connected,
complicating the geological interpretation.
Inversion of gravity data is a different type of
processing, has been performed by many
authors in the East Vietnam Sea area (Trung
and Huong, 2013; Long et al., 2021).
Braitenberg et al. (2006) estimated the depth
to the basement from the satellite gravity data.
Trung and Huong (2013) and Bai et al. (2014)
applied the Parker-Oldenburg method to the
satellite gravity data for determining the
Moho depth. Dung T.T. et al. (2019) used the
satellite and shipboard gravity data to detect
the Cenozoic structures in the East Vietnam
Sea. Li et al. (2019) used the satellite data for
determining the Moho depth of the Hoang Sa
islands. Previous gravity studies were
concentrated on computing the depths of
density interfaces or covered a very large
area; therefore, it lacks detailed information
about the boundaries of geological structures
in the islands.
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In this study, the enhanced total horizontal
gradient methods have been applied to the
gravity data from the high-resolution global
marine gravity model (Sandwell et al., 2014)
to determine the geological features of the
Hoang Sa islands. The effectiveness methods
have been estimated on a density model
before applying to real data of the study area.

2. Geological setting

The East Vietnam Sea formed by seafloor
spreading is a marginal sea of the Western
Pacific (Tapponnier et al., 1986; Liem et al.,
2021). It is situated at the intersection of the
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Australian, Eurasian and Indian plates (Luong
et al., 2021). The East Vietnam Sea is
bounded to the west by the Indochina
Peninsula, to the east by the Manila trench, to
the south by Borneo, and the north by the
shores of South China. The oceanic crust age
of the East Vietnam Sea has been dated to be
Paleogene to Middle Miocene (Briais et al.,
1993), which rests mainly on interpreting the
marine magnetic anomaly (Taylor and Hayes,
1983). Based on structural variations, the East
Vietnam Sea can be divided into sub-basins
such as the Southwest, Northwest, and East
subbasins (Pham et al., 2021e).
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Figure 1. (a) Location of the Hoang Sa islands area, (b) Bathymetry map

The Hoang Sa islands is located in the
northern region of the East Vietnam Sea (Fig.
la). The study area consists of a series of
islands, shoals, and reefs. Fig. 1b shows the
bathymetry map of the place where the ocean
floor depth is in the range of a few tens of
meters up to 4000 m (Smith and Sandwell,
1997). Fig. 2a shows the tectonic map of the
area with the appearance of the Hoang Sa
uplift in the central region (Lu et al., 2018).
The Hoang Sa islands and its adjacent areas

were affected by rifting and seafloor
spreading at the northern margin of the East
Vietnam Sea (Tapponnier et al., 1986; Briais
et al., 1993). The continental rifting occurred
between the Eocene and Paleocene in the
southern South China block, and the Hoang
Sa uplift was separated from the mainland by
the subduction of the East Vietnam Sea
oceanic crust (Wu et al., 2021). Then, the sea
floor began to spread in the Northwest
subbasin during the Oligocene. During this
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spreading, the Hoang Sa uplift moved
southward away from the South China craton
and was submerged in the water (Wu et al,,
2021). The submersion of the Hoang Sa uplift
provides suitable conditions for carbonate
factory development (Wu et al., 2021).

3. Data

The Free-air gravity dataset of the Hoang
Sa islands was generated from the global
marine gravity model (Sandwell et al., 2014)
(Fig. 2b). It is a global gravity field model
(Version 29.1) with high resolution, which
contains data from CryoSat-2 and Jason-1
satellites (Sandwell et al., 2014). The gravity
data from this model have much lower errors
than those from the previous gravity model
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(Sandwell et al.,, 2014). The 1'x1' free-air
anomaly data from the model were used to
calculate the Bouguer gravity data of the
Hoang Sa islands (Fig. 5a) with a seawater
density of 1.03 g/cm’® and a crust density of
2.67 glem’ (Ghomsi et al., 2022b). The
Bouguer gravity data range from 13 mGal to
254 mGal, with high amplitude signals
appearing in the eastern region of the area
(Fig. 5a). In recent years, the use of gravity
data from the global marine gravity model in
detecting geological structures has shown
great success (Kha and Trung, 2020; Trung et
al., 2018, 2020; Pham et al., 2021d, e; Oksum
et al., 2021b; Ghomsi et al., 2022b; Tang et
al., 2022, Yu et al., 2022).
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Figure 2. (a) Tectonic map (modifed from Lu et al., 2018) with the faults shown by red lines
(Xu et al., 2014), (b) Free-Air gravity data of the Hoang Sa islands area

4. Methods

The THG is one of the most commonly
used detectors for enhancement of the borders
of the geology structures. The THG of the
field F is expressed as follows (Cordell and
Grauch, 1985):

o= (@) (&) o

The THG is less effective when the
anomalous bodies are interfered by nearby
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sources (Fedi and Florio, 2001). Tatchum et
al. (2011) proposed the THGVD method to
improve the performance of the THG method:

riavn = |(22) 4 (X2
- dx oy /' (2)
where VD is the vertical gradient of magnetic
or gravity data.

The BTHG detector claims to be able to
simultaneously bring the border of shallow
and deep structures. This detector is
formulated as follows (Ferreira et al., 2013):
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The EHGA method is another technlque
that can overcome the balance problem
encountered in the edge detection studies and

EHGA = R| asiny p

aTHG 2 /
6y )
uses the following equation (Pham et al.,
2020a):

OTHG
P)
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where p is a constant. Pham et al. (2020a)
showed that the best results can be obtained
by using p values of 2 or greater.

Another filter for enhancement of the edges
is introduced by Pham et al. (2021c) which is
based on the softsign function and the
derivatives of the THG. The filter is given by:

k x aTHG_ (k+2)\/ BTHG (agza)z
SF = \/(621;6)2 + (37(;;16) + |k x 6THG C (k4 1)J aTHa (621;6)2 Q)

where £ is decided by the researcher. Pham et
al. (2021c) showed that the best results can be
obtained with the use of values between 1 and
10 of the parameter k.

5. Results

Initially, a gravity model was generated to
estimate the applicability of the total
horizontal gradient method and its enhanced
versions.
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Figure 3. 3D and ground views of the model

Fig. 3a and b display the 3D and plan
views of the model. Fig. 4a displays the
gravity anomalies of the model. Fig. 4b

displays the THG of the anomaly data in

Fig. 4a. It is observed from this figure that the
THG method brings clear images for the
edges for the sources A and C, but responses
from the bodies B, D, and E are blurred.
Figure 4c displays the THGVD of the
anomaly data in Fig. 4a. Although the
THGVD  technique  produced  sharper
responses over the source boundaries, the
obtained images for sources B, C, D, and E
are fairly faint. In addition, this technique
generates false boundaries around the sources
A and C. Fig. 4d displays the result of the
application of the BTHG detector to the
anomaly data in Fig. 4a. We can see that the
BTHG yielded more effective results than
THG and THGVD methods in outlining all
source boundaries since they can equalize the
anomalies from shallow and deep bodies by
using the ratio of the gradients of the THG.
Fig. 4d displays the edges estimated from
using the EHGA method to the anomaly in
Fig. 4a. It is seen that the maxima of the
EHGA are located directly over the source
borders, and the results are more sharp-cut
responses over the source boundaries than
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those from the BTHG method. Fig. 4f
displays the edges determined from using the
SF technique to the anomaly in Fig. 4a.
Similar to the BTHG method, the SF method
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equalized the signals from shallow and deep
bodies. However, this method provided a
boundary map having a higher resolution
compared to the BTHG method.
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Figure 4. (a) Gravity anomaly, (b) THG, (c) THGVD, (d) BTHG, (e) EHGA, (f) SF

Since real gravity data usually contain
noise, to apply techniques based on
derivatives of gravity data, it is recommended
to use an upward continuation filter to reduce
the noise level. Fig. 5b shows the Bouguer
gravity anomaly of the Hoang Sa islands after
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upward continuation of 2 km. Fig. 6a displays
the boundaries determined by applying the
THG filter to the upward-continued Bouguer
gravity anomaly of the islands. In the THG
filter result, it is seen that the boundaries of
the more significant amplitude anomalies
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prevailing in the eastern part of the area are
prominent. Still, the boundaries of the lower
amplitude anomalies cannot be determined
(Fig. 6a). Fig. 6b displays the result obtained
by application of the THGVD detector to the
upward-continued Bouguer gravity anomaly.
The presence of many parallel lineaments in
the THGVD map is not verified by the results
of the THG and the other applied methods.
Thus, these have been interpreted as false
boundaries around real structures, as shown in
the synthetic model. Moreover, the THGVD
method cannot balance gravity anomalies with
different amplitudes, making it less effective
in determining the borders of the deep
structures. Figs. 6c, d, and e show the edges
outlined by applying the BTHG, EHGA, and
SF methods to the upward-continued Bouguer
gravity data, respectively. As shown in the
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model example, the peaks of the BTHG,
EHGA, and SF functions are located directly
over the boundaries of geological structures. It
is seen from Fig. 6¢, 6d, and 6e that a large
number of boundaries are delineated by these
methods. Both three methods emphasize
shallow and deep surface features with
different wavelengths.

To estimate the depths of the gravity
lineaments, we applied the curvature algorithm
(Phillips et al., 2007) to the gravity in Fig. 5b
(readers are referred to that paper for detailed
description of the algorithm). Fig. 6f shows the
result of the curvature analysis using the local
wavenumber function. Fig. 7 shows the
histogram of the depth estimates. We can see
that most of the lineaments are found to be
located in the depth range of 3 km to 9 km.
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Figure 5. (a) Bouguer gravity data of the Hoang Sa islands area.
(b) Bouguer gravity data of the Hoang Sa islands area after upward continuation of 2 km.
The red line shows the seismic section in Fig. 8c, reported by Yang et al. (2018)

6. Discussions

It is clearly seen from Fig. 6a and 6b that
the THG and THGVD emphasize shallow
geological features with relatively short
wavelengths. The reason is that these
techniques use the derivative amplitudes of
Bouguer gravity anomaly. The BTHG, EHGA
and SF techniques are based on the ratio of
the derivative amplitudes of data, therefore

they can emphasize both short and long
wavelengths. In other words, the BTHG,
EHGA and SF methods are effective in
balancing gravity anomalies with different
amplitudes, and they provide clearer
geological features compared to the THG and
THGVD. However, it can be noted that the
EHGA and SF methods provided more sharp-
cut responses over the horizontal boundaries
of geological structures compared to the
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BTHG and other methods. For a comparison,
Fig. 8 displays the interpretation results of the
upward-continued gravity anomaly (Fig. 8a)
along the cross-section in Fig. 5b using the
EHGA and SF methods (Fig. 8b), and the
interpretation result of the seismic data (Fig.
8c) reported by Yang et al. (2018). It can be
seen from this figure that there is a good
correlation  between  the boundaries
determined from gravity data and seismic data
with many of density boundaries indicating
the faults, especially for two main faults in
Fig. 8c.

Since the EHGA and SF methods produced
clearer images than those from the other
methods, we used these methods to highlight
the lineaments of the Hoang Sa islands. Fig. 9
shows the gravity lineaments extracted from
the gravity EHGA and SF maps (Figs. 6d, e).
Here, the gravity lineaments were
superimposed on the depth solutions (Fig. 9).
A great advantage of the curvature method is
that it does not depend on the window size
and structure index, and does not require
density information. The obtained depths
show that most of the structures found in the
central area are shallower than those of
adjacent areas. This is in agreement with the
basement structure obtained by Braitenberg et
al. (2006) from inverting gravity data. Our
results are also in agreement with the depth to
basement from the crustal structure model of
Franke et al. (2014) that showed a basement
relief in 2-6 km range depth in the Hoang Sa
uplift. By comparing the results in Fig. 9, we
can see that many gravity lineaments match
well with horizontal locations of the solutions
obtained from the curvature method.
However, some structures inferred by the
enhancement filters in northeastern and
southeastern parts of the area are not
identified by the curvature algorithm (Fig. 9).
This result illustrates the usefulness of the
EHGA and SF filters for interpreting gravity
data. In addition, it is also noteworthy that the
curvature algorithm generates some new
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boundaries that are not extracted by the
EHGA and SF filters. However, these
boundaries may be spurious information that
does not respond to any density structures, as
pointed out by Pham et al. (2021f, g).

Fig. 10 shows the gravity lineaments
superimposed on the tectonic map. As can be
seen from this figure, most of the determined
gravity lineaments the Hoang Sa islands are
trending in the WSW-ENE, NE-SW, E-W,
WNW-ESE and NNW-SSE directions. The
presence of some gravity lineaments in the
eastern portion of the islands (Fig. 10) is
verified by the signals of the THG (Fig. 6a).
The major structural features in the Hoang Sa
islands area are oriented in the WSW-ENE,
NE-SW and WNW-ESE directions. Some
NE-SW  trending boundaries compare
favorably with the fault in northeastern region
(Fig. 10). In addition, the peaks of the EHGA
and SF filters also present a good correlation
with the fault in northeastern part, which seem
to be related with the boundary of the basin
(Fig. 10). Note that faults in the area not
always detected by the edge filters, as rocks
with similar densities may be juxtaposed
along a fault. Moreover, in this case, the
enhancement techniques also cannot outline
the boundaries of the Hoang Sa uplift. The
reason could be that there is not significant
difference between densities of rocks in the
Hoang Sa uplift and adjacent areas as shown
by the P-wave velocity model of Guo et al.
(2016). The NE-SW trending boundaries in
interpreted map (Fig. 10) may relate to the
Shenhu tectonic movement in the northern
continental margin of the Southern China by
the collision of the Indian-Eurasian plate (Li
et al., 2020). A series of NE-SW trending
folds and belts were formed in the area by this
tectonic movement (Li et al., 2020). It is
obvious that the enhancement techniques are
effective in extracting a wide range of density
boundaries in the Hoang Sa islands. This
result provides some references for further
studies within geological aims in the study
area.
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Figure 10. Gravity lineaments are superimposed on tectonic map

7. Conclusions

This study used the enhanced total
horizontal gradient methods such as the
THGVD, BTHG, EHGA and SF to interpret
Bouguer gravity anomaly of the Hoang Sa
islands. The methods were examined on
synthetic data before applying them to real
gravity data of the study area. The findings
show that the EHGA and SF methods can give
more accurate and cleaner images for the
borders of the geological structures. The
results determined from the interpretation of
real dataset show that most of the determined
structural features in the Hoang Sa islands are
oriented in the WSW-ENE, NE-SW, E-W,
WNW-ESE and NNW-SSE directions. The
findings also show that most of the lineaments
are found to be located in the depth range of 3
to 9 km. These results may contribute to
future studies to better understand the
geological structures of the islands.
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