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The LTHG and EHGA methods are enhancement versions of the gradient amplitude and can outline the
edges of shallow and deep anomalous bodies simultaneously. Recently, these techniques have been used
in approximating the edges of gravity and magnetic data. In this paper, we apply the LTHG and EHGA
methods to the gravity dataset from the global gravity model WGM2012 to extract structural features
of Northeastern Laos that appear as lineaments on transformed data maps. We also apply the tilt depth
method to this dataset to estimate the depth of these lineaments. The findings showed that most of struc-

Ié?al af}r’ds" tures identified in Northeastern Laos are trending in the ENE-WSW, NE-SW, E-W, WNW-ESE and N-S
WCM2012 directions with the depth ranging from 1.3 to 2.1 km.

LTHG © 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
EHGA article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Northeastern Laos

1. Introduction

The study area is located in Northeastern Laos (Fig. 1a). It lies
within the northern part of the Truong Son Fold Belt where there
are several significant mineral deposits particularly gold and cop-
per. The Truong Son Fold Belt is bounded by the Tam Ky-Phuoc
Son suture zone to the south and Song Ma suture to the north
(Huan et al., 2021). The belt developed through subduction and
collision between the South China and Indochina blocks, with four
main Paleozoic-Early Mesozoic episodes of magmatism having
been identified (Hou et al., 2019). The study area contains impor-
tant information for unraveling the tectonic setting of the Song

* Corresponding author.
E-mail addresses: dr_a.eldosoky@yahoo.com, ahmed.eldosouky@sci.suezuni.edu.
eg (A.M. Eldosouky).
Peer review under responsibility of King Saud University.

ELSEVIER

Production and hosting by Elsevier

https://doi.org/10.1016/j.jksus.2022.101825

Ma tectonic zone in North Laos and answering questions about
the tectonic linkage of the different tectonic zones in the northern
Indochina and southern South China blocks. Herein, we aim to con-
tribute to the understanding of the nature of structural features of
Northeastern Laos by analyzing Bouguer gravity anomalies. Several
global gravity models have been developed according to new data
sets to improve the understanding of the geodynamical and geo-
logical processes of the Earth (Bonvalot et al. 2012; Sandwell
et al., 2014; Melouah et al., 2021). The new gravity models with
high accuracy can be used for detection of structural features of
Northeastern Laos.

The horizontal boundaries of the sources have a decisive role in
interpreting gravity and magnetic data and constraining the sub-
surface models (Pilkington and Tschirhart, 2017; Castro et al,
2018; Sehsah et al., 2019; Eldosouky et al.,, 2020a,b,c; Oksum
et al., 2019). These are important in detecting boundaries of geo-
logical formations and understanding the structural settings
(Eldosouky, 2019; Pham 2020, 2021; Ghomsi et al., 2021). Many
edge detection methods are presented to recognize the source
edges; most of them are based on the horizontal and vertical
derivatives of potential field data (Ferreira et al., 2013; Narayan
et al,, 2017; Nasuti et al., 2019; Pham et al., 2018a,b; 2021a,b).

1018-3647/© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. (a) Location of the study area, (b) Geology map of Northeastern Laos and adjacent areas (modified from Fyhn et al., 2019).

The total horizontal gradient method (Cordell, 1979) is one of the
most commonly used methods for interpreting potential field data.
The total gradient is another popular method used to extract the
boundaries of subsurface structures (Nabighian, 1984). The disad-
vantage of these methods is their poor performance in balancing
the amplitudes of anomalies produced by the causative bodies
located at different depths simultaneously (Le et al., 2020; Pham
et al,, 2021¢,d,e,f). In order to simultaneously display the edges of
the shallow and deep sources, a wide range of phase based meth-
ods have been developed. For instance, Miller and Singh (1994)
introduced the tilt angle filter that use the inverse tangent function
of the ratio between the vertical derivative and total horizontal
gradient. Verduzco et al. (2004) calculated the total horizontal gra-
dient of the tilt angle, and showed that this filter is more effective
than the tilt angle in enhancing the source edges. Wijns et al.
(2005) proposed the theta filter that uses the total horizontal gra-
dient to normalize the total gradient. Cooper and Cowan (2006)
used a normalized version of the total horizontal gradient.
Ferreira et al. (2013) introduced another enhanced version of the
total horizontal gradient, called the tilt angle of the horizontal gra-
dient. Pham et al. (2019, 2020a) presented the LTHG and EHGA
methods that employ respectively the logistic and inverse sine
functions to improve the THG method. Apart from the filters men-
tioned above, many other filters also can be used to detect the

source edges. (Fedi and Florio, 2001; Fedi, 2002; Cella et al.,
2009; Tatchum et al., 2011; Pham et al., 2020b, 2021f; Oksum
et al,, 2021b; Melouah and Pham, 2021).

In this paper, the LTHG, EHGA and the tilt depth techniques
have been applied to gravimetry data from the high-resolution glo-
bal gravity model WGM2012 to outline the geological features of
Northeastern Laos. The findings bring a better understanding of
structural features of Northeastern Laos.

2. Geological setting

The Indochina Peninsula is an excellent example of the Ceno-
zoic evolution in Southeast Asia (Takemoto et al., 2009). The Indo-
china Peninsula has been subdivided into the Truong Son fold belt,
Loei fold belt, Song Ma terrane, Khorat terrane and the Kontum
massif based on distinctive tectonostratigraphic and magmatic his-
tories (Thassanapak et al., 2018). The Truong Son fold belt is a NW-
trending fault and orogenic belt, running from central Vietnam to
central Laos (Sanematsu et al., 2011). The Truong Son fold belt is
dominated by dextral strike-strip faults and shear zones within
this belt are characterized by mylonitization and high-
temperature metamorphism which occurred from 250 Ma to
240 Ma (Sanematsu et al.,, 2011). It is an important Fe-Cu-Sn-Au
polymetallic ore district (Hou et al., 2019). Precambrian to
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Cenozoic strata are distributed throughout the belt, and contain
mainly marine or continental sediments.

The study area is located in the northern part of the Truong Son
Fold Belt. Fig. 1b shows the geological map of the study area (mod-
ified from Fyhn et al., 2019). The structural geology of the area is
complicated with many major NW-SE and E-W trending faults that
represent the main dividing boundaries of zones and tectonic
regions. Lower Paleozoic sillimanite schists, Devonian sand and
siltstones cover much of Northeastern Laos (Fig. 1b). These depos-
its are overlain by Triassic sediments, Upper Devonian-Permian
limestones and siliciclastics (Fyhn et al., 2019). Ordovician-Sil-
urian granitoids/orthogneisses and Permo-Triassic granitoids and
effusive rocks are also common in Northeastern Laos (Lepvrier
et al.,, 2008; Fyhn et al., 2019). Some rocks of Early - Middle Pale-
ozoic and Pre-Cambrian ages are also present in the study area
(Fig. 1)

3. Data

The gravity dataset used in this study was generated from the
WGM2012 model. The WGM2012 is a global gravity field model
with high resolution, which contains data from EGM2008 and
DTU10 models (Bonvalot et al. 2012). The gravity anomalies from
the WGM2012 model include 1’ x 1’ resolution terrain corrections
derived from ETOPO1 model that consider the contribution of most
surface masses (atmosphere, land, oceans, inland seas, lakes, ice
caps and ice shelves) (Bonvalot et al. 2012). The WGM2012 model
has been realized by the International Gravimetic Bureau in collab-
orations with organizations such as the Commission for the Geo-
logical Map of the World, International Association of Geodesy,
International Union of Geological Sciences and UNESCO (Bonvalot
et al. 2012). The data is available from the International Gravimetic
Bureau for download at https://bgi.obs-mip.fr/data-prod-
ucts/grids-and-models/wgm2012-global-model/#. Recently, the
use of gravity data from the WGM2012 model in detecting geolog-
ical structures has shown great success (Kahveci et al., 2019;
Eldosouky et al., 2021; Elmas and Karsli, 2021). Fig. 2 shows the
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Fig. 2. Bouguer gravity data of the study area.
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Bouguer data of Northeastern Laos. The data of range from —58
mGal to 93 mGal, with high amplitude signals appearing in the
eastern part (Fig. 2).

4. Methods

The THG is one of the most commonly used detectors for
detecting the edges of the geology structures. This detector is for-
mulated as follows (Cordell, 1979):

OF\* [0F\?
THG = — — 1
() () g
The THG is less effective when the anomalous bodies are inter-

fered by nearby sources. Pham et al. (2019) proposed the LTHG
method for improving the performance of the THG method:

—o
_ 9THG

LTHG = |1 +exp| ——2%—— (2)
(Mf 4 (M)z
X ay

where o is a constant between 2 and 10 (Pham et al., 2019).

Another detector for approximating the edge is also developed
by Pham et al. (2020a), which is based on the asin function and
the THG derivatives. The detector is given by:

ITHG

EHGA =R| asin| k oz -11+1||,

otHG\2 | (o1HG)® . (0THG)2
(i)x)+ ay +(i)z)

3)

where R denotes the real part, k is a positive constant number
decided by the interpreter. Testing shows that the value of k is 2
will yield the best results (Pham et al., 2020a).

Salem et al. (2007) introduced the tilt depth method for esti-
mating the depth to the top of magnetic sources. Oruc (2011) also
developed another tilt depth method for interpreting gravity data.
This technique uses the derivatives of the first vertical gradient of
gravity anomaly and derives the relationship between the tilt angle
0, horizontal location and depth of a vertical 2D contact model as

0= atanE (4)
Zc
Eq. (4) show that the value of the tilt angle over the edges of the
contact is 0° (h = 0) and equal to 45° when h = z, and -45° when
h = —z.. This suggests that tilt angle contours can be used to deter-
mine the horizontal location (6 = 0°) and depth (half distance
between +45° contours) of sources (Oruc, 2011).

5. Results

We generated a gravity model (Fig. 3a) to evaluate the applica-
bility of the THG detector and its enhanced versions. The gravity
anomalies of the model are shown in Fig. 3b. Fig. 4a displays the
THG of the anomaly data in Fig. 3a. It is observed from this figure
that the THG method brings clear images for the edges for the
source D, but responses from the bodies A, B and C are blurred.
Fig. 4b displays the edges estimated from applying the LTHG
method to the anomaly in Fig. 4a. It is seen that the maxima of
the LTHG are located directly over the source edges, and the results
are more sharp-cut responses over the source boundaries than
those from the THG method. Fig. 4c displays the edges determined
from using the EHGA technique. Similar to the LTHG detector, the
EHGA detector equalized the anomalies of shallow and deep
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Fig. 3. (a) 3D view of the model, (b) Gravity anomaly.

bodies. This method provided a boundary map having a higher res-
olution than the THG method.

Fig. 5a displays the boundaries determined by applying the THG
detector to the gravity of Northeastern Laos. In the THG filter
result, it is seen that the edges of the more significant amplitude
anomalies prevailing in the eastern and southern regions of the
area are prominent. The THG method cannot balance gravity differ-
ent anomalies, making it less effective in approximating the edges
of the deep structures. Fig. 5b shows the edges outlined by apply-
ing the LTHG method to gravity data. As shown in the model exam-
ple, the peaks of the LTHG function are located directly over the
boundaries of geological structures. It is seen from this figure that
a large number of boundaries are delineated by this method. The
method emphasizes shallow and deep surface features with differ-
ent wavelengths. Fig. 5c illustrates the map obtained by applying
the EHGA technique to the Bouguer gravity data. It is observed
from this figure that the method provides a uniform gain for all
transformed data, and they represent the signatures of geology
due to density variations.

6. Discussion

It is clearly seen from Fig. 5a that the THG emphasizes shallow
geological features with relatively short wavelengths. The reason is
that this technique uses the gradient amplitudes of gravity anom-
aly. The LTHG and EHGA 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 LTHG and EHGA
methods are effective in balancing different anomalies, and they
provide clearer geological features than the THG. It can be noted
that the LTHG and EHGA methods provided more sharp-cut
responses over the edges of geology structures compared to the

THG and other methods. Since the LTHG and EHGA methods pro-
duced clearer images than those from the THG method, we used
these methods to determine the lineaments of Northeastern Laos.
Fig. 5d shows the lineaments extracted from the LTHG and EHGA
maps (Fig. 5b and c). The major structural features in Northeastern
Laos are oriented in the NW-SE, E-W, WNW-ESE and ENE-WSW
directions with the predominant trend being the NW-SE.

To detect the depth of the lineaments, we used the tilt depth
method (Oruc, 2011). The major advantages of this method are that
it does not depend on the structural index or the window size. In
addition, the tilt depth method does not require a mean depth or
low-pass filtering as the frequency methods. Fig. 6 shows the result
of application of the tilt depth method to the Bouguer gravity data.
Fig. 7 shows the histogram of the depth estimates obtained from
the tilt depth method. It can be seen from Figs. 6 and 7 that the
depth of most of the lineaments varies from 1.3 km to 2.1 km.
For comparison, the lineaments in Fig. 5d are superimposed on
the tilt depth map. We can see that the majority of solutions are
trending in the NW-SE, E-W, WNW-ESE and ENE-WSW directions.
Clearly, the positions of source points are mostly correlated with
the lineaments determined by the LTHG and EHGA methods. The
presence of the gravity lineaments in the eastern and southern
parts of Northeastern Laos (Fig. 5d) is verified by the signals of
the THG (Fig. 5a). We can see that many gravity lineaments match
with geological features of Northeastern Laos. The lineaments
illustrate a good correlation with the NW-SE trending faults in
the northern and southeastern parts of the area. The lineaments
also coincide with some E-W trending faults in the southwestern
part of the area. We anticipate that the dominant NW-SE trending
boundaries determined by the edge filters are related to the same
tectonic activity that might be originated due to the collision of
Indochina and South China.
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Fig. 4. Gravity data of Fig. 3b processed by (a) THG, (b) LTHG with o = 3, (c) EHGA with k = 2.

7. Conclusions

The LTHG and EHGA methods were applied to gravity data to
outline structural features of Northeastern Laos. The tilt depth
technique was also used to detect the depth of gravity lineaments.
Various structures were identified in the Northeastern Laos by the
interpretation results of Bouguer anomaly. Our findings showed

that most of the lineaments outlined in the Northeastern Laos
are trending in the ENE-WSW, NE-SW, E-W, WNW-ESE and N-S
directions with the predominant trend being the NW-SE. The
depth of these lineaments ranges from 1.3 to 2.1 km. The obtained
lineaments match with geological features of Northeastern Laos
and provide valuable information for geophysicists to better
understand the subsurface geological structures of the area.
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