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Abstract
This paper presents the results of applying the unsupervised learning method (K-means clustering) on the gravity anomaly field in the
central region of Vietnam to separate the research area into different clusters, which are homologous in physical properties. In order to
achieve the optimal results, the input parameter plays an important role. In this paper, we chose 04 input attributes including the gravity
anomalous field attribute, the horizontal gradient attribute, the variance attribute, and the tracing coefficient of the gravity anomalous
axis. The obtained results have shown that the research area could be divided into 7 clusters, 9 clusters, 11 clusters, and 13 clusters with
close characteristics of the physical properties of the gravity field. The research results show that the Southwest, the Center, and the South
of the study area have complex changing physical properties, this result reflects the complicated tectonic activities in these areas with the
presence of crumpled and fractured rock layers in different directions and these locations are the potential places to form endogenous
mineral deposits of magma origin. The Northwest, the North, and the East parts of the research area witness negligible changes in the
field's physical properties, reflecting the stability of the soil and rock layers in this area, with the direction of extending structure from the
Northwest to the Southeast. The clustering results according to the K-means unsupervised learning algorithm in central Vietnam initially
increase the reliability of the decisions of geologists and geophysicists in interpreting the geological structure and evaluating the origin of

deep-hidden mineral deposits in the area.
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1. Introduction

Central Vietnam is the place of development and interfer-
ence of large blocks such as Truong Son sticky belt, Tam Ky
- Phuoc Son hatch, and Kon Tum lifting block. In which, deep
faults along the Northwest-Southeast, Northeast-Southwest
and minor meridians are the boundary between the above-
mentioned structures [4, 20, 21]. The research area is char-
acterized by narrow valleys and treacherous divisions with
complex topography including many mountain ranges >700m
high [7] (Fig.1a) which extend to the Northeast, Northwest,
and the Meridians. These are favorable prerequisites to form-
ing endogenous mineral deposits of magma origin, and the
identification of geological structures related to the location
of endogenous mineral deposits is an important mission and
top priority in the coming years. Furthermore, all of this
information is characterized by different residual density
values and can be displayed on the gravity anomalous field
values measured from ground-based gravity survey (Fig.1b),
and these field values are the consequence of overlapping of
gravity anomalous fields from many geological objects in the
subsurface, in combination with deep geological structures,
which are needed to characterize, so they are random. These
factors make the gravity anomalous field caused by objects
with high density often complicated, which leads to difficulty
in the process of reasoning.

Along with the development of technology 4.0, there have
been many applications of unsupervised learning algorithms
in the processing of potential field data [1, 3]. Computeriza-
tion of the exploration process allows the application of new
algorithms, modern algorithms, and statistical algorithms in

the processing and interpretation of geological and geophysi-
cal data. Paying special attention to characteristics of geolog-
ical and geophysical information, selecting the optimal set of
features to cluster with uniform physical properties, and eval-
uating the correlation between different physical attributes
within the same cluster [5, 9, 14].

In this study, we apply an unsupervised learning algorithm
(K-means clustering) on the gravity anomalous field data in
the central region of Vietnam to divide the area into homoge-
nous regions of the field's physical attributes (attributes: grav-
ity field, horizontal gradient value, statistics, anomaly axis
tracing). This result will help to quickly identify homogenous
layers (saving time, and cost...) to provide information for ge-
ologists to have an intuitive view of the study area.

2. Data and methods
2.1. Data used

The data used in this paper are the ground-measured
gravitational anomaly data of full Bouguer correction at the
scale of 1:100.000 and the accuracy of 0,1-0,25 mGal [10, 11,
12, 13]. Bouguer correction density was selected as 2,67g/cm’
and Picivanco’s method was used to correct the terrain [2].

Looking at Figure 1(b), it can be seen that the Bouguer
gravity anomaly changes from -100 to 20 mGal, and the grav-
ity anomaly tends increase gradually from Northwest - South-
east toward the sea. The Northwest of the study area is charac-
terized by a strong negative gravity anomaly with amplitude
ranging from -100to -55 mGal, and the East and Southeast
by a range of gravity anomaly values varying from -30 to 20
mGal. There are local anomalies with amplitude from -30 to
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Fig. 1. Location and topography elevation from 10-1600 m of the study area (a) and Map of the full Bouguer gravitational anomaly field of the study
area at a scale of 1:100.000, where the value varies from -100-20 mGal (b)
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Fig. 2. The regional anomaly field after removing the shallow local anomaly field (a); Horizontal Gradient of gravity anomaly in the research area (b);
regional anomaly variance (c); tracing coefficients of anomaly axis in the research area (d)

-15 mGal in the North, Southwest, Center, and South of the tage of this algorithm is simple and time-efficient computation.

study area. The block diagram of the algorithm is as follows [5, 6, 9, 17]:

2.2. Methods

Nowadays, there are many unsupervised learning algo-
rithms applied in processing and analyzing of geophysical data
[1, 3]. However, in this study, we only focus on the most pop-
ular algorithm in unsupervised learning techniques, which is
the K-means clustering algorithm [1, 3, 8, 9]. In the K-means
algorithm, the Mahalanobis distance is used as the distance
between the individual parameters and takes into account the
relationships in the feature space of the field. The K-means al-
gorithm automatically divides the data of the central region of
Vietnam into different clusters, hence the attribute data (attri-
butes: gravity field, horizontal gradient value, statistics, anoma-
ly tracing) are in the same cluster with similar properties.
2.2.1. K-means method

The k-means clustering algorithm is an unsupervised learn-
ing method with a set of points with close features. The advan-

For all p signals, determining the standard deviation
o, the minimum fmmi and the maximum fmxi ati=1,
2, 3,..., p value of the signal;

Each signal f‘ (i=1, 2,..., p) is normalized to corre-
spond to the standard deviation: o 72 :
A vector k of size p is randomly selected for the ini-
Ij,czj...cp}; j=1,2,....k and
the individual randomly selected components of

tial center of the class Cj={c

each vector, satisfying the inequality: fu <, < Yo

Classifying the normalized signs of the origicﬁal net-
work into classes, and at each point of the network
X = {xl, XX p} related to layer m, if the distance
from the center of this Tayer to the point is minimal
r.. = Min {xl, XpeX )5

According to the classification results, new vectors are
determined C”={c1"f cz"f..., p”f];j=1,2,...,kn; Each vector
component m is the average value i :%m ' i=12ep

" S
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Fig. 4. The results of automatic division into 09 clusters with close characteristics of the properties of the gravity anomaly field in the central region
of Vietnam

calculated in n_ points, falling into class m after clas-
sification, performed in the previous step of the al-
gorithm;

o In the selected index, the distance between the old
center and the new center of the layer is estimated
R(C C"),j=12...k

o If at least one of the k classes, the distance is great-
er than the pre-selected value ﬁj>s, then the center

n

of the old vector is assigned the new value C, =C ;
j=1,2,...k, and the procedure is repeated from the
step where the observations are classified. In the op-
posite case, the inequality ﬁj( é En)<s is satisfied for
all classes, the result of the last iteration is the last

step of the iteration.

This algorithm converges after a finite number of itera-
tions (converging fairly quickly), the main disadvantage of
the algorithm is the need to know the number of clusters in
advance, and not fully consider the associations of the field
attribute space. To overcome the limitations of the algorithm,
in this study, we determined the number of clusters according
to the geological data on the surface (Tran and Nguyen, 2008),
and used the Mahalanobis distance as the spatial distance (Ni-
kitin and Petrov, 2008; Hong, 2020).

2.2.2. The input parameter of the K-means clustering algorithm

The input parameter plays a very important role in the
unsupervised learning algorithm, in this paper we chose 4
attributes: gravity anomalous field attribute, variance, hori-
zontal gradient, and anomaly axis tracing coefficient. In the
study, we have selected the optimal set of features to cluster

and evaluate the correlation between the attribute features in
the same cluster.

o Horizontal gradient of gravity anomaly

The gravity anomalous horizontal gradient value is calcu-
lated according to the following formula [5, 6, 9]:

B 2
GN = [%) +[%) 1
in which: GN is the gravity anomalous horizontal gradient
value (mGal/m); Ag is the gravity anomaly value; 0x, dy are
derivatives in the direction of 0x, 0Oy.

The maximum value of the gravity anomalous horizontal
gradient emphasizes the boundaries of anomalous features
(fault systems, boundaries of geological features....); The hori-
zontal gradient field highlights the boundaries of anomalies of
different amplitudes, allowing visualization of the boundaries
of all anomalies simultaneously.

o  Evaluation of the statistical characteristics of the
gravity anomaly field
In the statistical characteristics of the field (mathematical
expectation, variance, eccentricity, asymmetrical deviation of
the field...), we chose the field's variance value and according
to the formula [15, 16, 17, 18, 19]:

nom

11 -
GZ:;';ZZ(XFX) ()
i=1 j=1
where: o is the variance of the gravity anomaly field (mGal®),
X, is the gravity anomaly value (mGal), X is the value of aver-
age gravity anomaly (mGal).
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Fig. 5. The results of automatic division into 11 clusters with close characteristics of the properties of the gravity anomaly field in the central region
of Vietnam
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Fig. 6. The results of automatic division into 13 clusters with close characteristics of the properties of the gravity anomaly field in the central region
of Vietnam

The maximum value of the variance carries the informa-
tion of heterogeneous boundaries (fault systems, boundaries
of geological features...).

o Tracing anomaly axis

The program is designed to trace anomalies of different
energies and different directions [5, 6, 9], with the maximum
value (equal to 1) corresponding to the axis of the positive
anomaly, the minimum value (equal to -1) corresponding to
the axis of the negative anomaly, and the value (equal to 0)
corresponding to no anomaly.
3. Results and discussion
3.1. Result of processing input parameters of unsupervised
learning method

As shown in the above analysis, in this study, we choose 4
input parameters to put into the K-mean clustering unsuper-
vised learning algorithm, including regional gravity anomaly
field (removed local field near the surface) (Fig.2a), applying
formula (1) to evaluate the horizontal gradient characteristics
of gravity anomaly, the results are shown in Figure 2(b); ap-
plying formula (2) to evaluate the statistical characteristic of
gravity anomaly field, results are shown in Figure 2(c), and
finally the results of tracing the anomaly axis (Fig.2c).

3.2. Result of applying the unsupervised learning method
Applying the K-means unsupervised learning algorithm
with 4 input parameters, we got the results of automatic clus-
tering of the central region of Vietnam into 07 clusters (Fig.
3), 09 clusters (Fig. 4), 11 clusters (Fig.5), 13 clusters (Fig.6),
these clusters have close features on properties of gravity
anomaly field, horizontal gradient value, variance and tracing

coeflicients of anomaly axis on Table 1, Table 2, Table 3, and
Table 4.

The results of automatic division into 07 clusters (Fig.3),
09 clusters (Fig.4), 11 clusters (Fig.5), and 13 clusters (Fig.6)
show that the study area exists the complex cleavage physi-
cal properties in the Southwest, the South and the center of
the area, compared to the geological structure map, this area
belongs to the intracontinental rift system after the Mesozoic
collision, that is the result of post-extension and collision be-
tween the Indochinese plate and Sibumasu [4, 21]. Thus, the
results of applying the K-means unsupervised learning meth-
od are well-matched with the geological data.

In the North, Northwest, and East of the area (Fig.3, 4, 5,
6), the physical attributes of the field show little or no change,
indicating that these regions are quite stable with the western
structural direction extending to the northwest-southeast.
Because the East of the study area is adjacent to the East Sea,
this result is completely consistent with geological laws.

Observations in Fig.3, Fig.4, Fig.5, and Fig.6 show that
the terracotta tectonic activity still exists in the southwest and
the south of the study area, which proves that this tectonic
activity is regional and they act as channels to pump magma
blocks from deep to the surface, penetrate the near-surface
sediments and form deposits of deep-hidden mineral mines.

The results of dividing the area into clusters having close
features based on attributes of the gravity anomaly field reflect
the homogeneity of the petrographic composition of the rock
layers, which is a premise to increase the reliability of geolo-
gists and geophysicists’ decisions, providing an intuitive and
multi-dimensional view about the process of tectonic activi-
ties in the central region of Vietnam.
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4. Conclusions

The results of processing and interpreting the data of

Bouguer gravity anomalies in Central Vietnam led to some

conclusions:

The unsupervised learning algorithm (K-means)
is effectively applied to the gravity anomaly data in
Central Vietnam.

The results of automatic division into 07 clusters,
09 clusters, 11 clusters, and 13 clusters having close
characteristics of the properties of the gravity anom-
aly field completely coincide with the tectonic geol-
ogy in the area.

In the southwest, center, and south part of the study
area maps show that the physical attributes of the
field are quite complex, showing that in this area
the rock layers are crumpled and broken in different
directions, and this is the potential location to form
endogenous mineral deposits of magma origin.

In the north, northwest, and east part of the study
area maps show little change in the physical prop-
erties of the field, reflecting that the rock layers in

this area are quite stable with the structural direction
extending from the northwest to the southeast.

o The clustering results by means of the K-means un-
supervised learning algorithm initially increase the
reliability in the decisions of geologists and geophys-
icists about the interpretation of geological struc-
tures and the assessment of the origin of deep-hid-
den mineral deposits in the area.
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