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Abstract

The aim of this study is to characterize the subsoil in the southern region of
the North-Kivu province (DR Congo). Gravity and geomagnetic data were
used in this study. Five different filters—the horizontal gradient magnitude,
the analytic signal, the tilt derivative, the horizontal derivative of tilt deriva-
tive and the tilt angle of horizontal gradient—enabled us to delineate the
gravity and magnetic anomaly sources present in the shallow subsurface of
the study area. The plains of the Rutshuru territory are dominated by sources
of weak gravity anomalies and sources of very weak magnetic anomalies lo-
cated almost in the same places. The southern part of Rutshuru territory and
a large part of Masisi territory are underlain by shallow sources of high
gravity and magnetic anomalies. Gravity and magnetic anomaly sources are
almost identical in the study area. The shallow sources of gravity and mag-
netic anomalies encountered in our study area are more or less linear and
connected. The numerous gravity and magnetic lineaments present in our
study region have three major directions: oriented East-West, North-South
and North-East-South-West.
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1. Introduction

Located in the East of the Democratic Republic of the Congo (DRC), the south-
ern part of the province of North Kivu is endowed with a very rich and varied
biodiversity and a subsoil rich in strategic minerals. Among the geophysical me-
thods of prospecting, gravimetry and magnetometry are preliminary methods
used in mining exploration and exploitation. These methods make possible a
structural mapping of the anomalies’ sources of the subsurface and a large cov-
erage of an inaccessible territory without much expense. In a country like the
DRC where the geographical, socio-political and infrastructural context does not
allow access to certain regions for scientific research, the use of such methods is
essential. This context leads us to take an interest in studying the subsoil struc-
ture of the southern region of North Kivu, a region that has been and is still the
theater of wars for economic purposes.

The exploitation of colombo-tantalite (coltan), cassiterite (tin), wolframite,
niobium (pyrochlore), tantalum, tungsten and gold has fueled (Gaudard et al.,
2013; Shalaby et al., 2012) and today fuels a violent conflict in this region. To
palliate to the lack of field data, we resorted to gravity and geomagnetic fields’
data stored in certain databases.

To our knowledge, too little research using the geophysical methods of gravity
and magnetic prospecting has been carried out in this study area. However,
gravity and magnetic prospecting are preliminary to any prospecting on a given
site because it is less expensive than other methods (Hinze et al., 2015). Gravity
and geomagnetic field methods are based respectively on the differences in den-
sity and magnetic susceptibility of rocks and their distribution in the ground.
These methods are used in the exploration and exploitation of natural resources,
hydrogeology, civil engineering, archeology, environmental studies, etc. (Lau-
nay, 2018).

The location of the vertical borders of the sources of anomalies remains a ma-
jor concern in the characterization of the subsoil of a given site (Pham, 2020;
Askari, 2014).

This paper, therefore, aims to provide information in the geophysical context
by relying on gravity and geomagnetic fields in the structural characterization of
the subsurface of the southern part of North Kivu.

The southern region of North Kivu is understudied for various reasons (Turn-
bull et al., 2021). This ignorance of the subsoil structure of this region constitutes
an obstacle to the harmonious development of the region in question because
the decision-makers cannot make appropriate decisions relating to the rational
exploitation of the environment.

The structural mapping of the subsoil of this region is little known to the
scientific community. A structural characterization of the subsoil of this region
by gravity and magnetic methods could enlighten the scientific community on
the structure of the study region subsurface and lead to a rational exploitation of

the environment.
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2. Description and Geology of the Region

The study area is located in the South-East of North Kivu province in the Dem-
ocratic Republic of the Congo (DRC) between latitudes 01°40'00" South and
0°40'00" South and longitudes 28°24'00" East and 29°36'00" East (Figure 1).

The study area belongs to the high mountain region of eastern DRC, with alti-

tudes ranging from 993 m to over 4000 m, and has a deep valley in its north-eastern

DRC

NORD-KIVU
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part (Figure 2).
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Figure 1. Location map of the study area.
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Figure 2. Hydrographical and topographical map of the study region.
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The topography of the southern part of North Kivu is made up of plains, pla-
teaux and mountain ranges. The plateaux are located in the South of the region,
more specifically in the South-East of the Masisi territory and in the North of the
Nyiragongo territory. A plain is located to the South of the Lake Edouard in the
Rusthuru territory. This is the Rwindi-Rutshuru plain. To the South, it runs up
against the lava fields that relay it towards the Virunga Mountains, more pre-

cisely, towards the group of active volcanoes (https://www.congovirtuel.com).

The climate is closely linked to the topography; the study region is characte-

rized by four seasons (https://documentsl.worldbank.org): two rainy seasons,

the first between mid-August and mid-January and the second practically from
mid-February to mid-July; two dry seasons, the first between mid-January and
mid-February and the second between mid-July and mid-August.

According to the report by the North Kivu Provincial Planning Ministry
(Ministere Provincial du Plan, 2017): below 1000 m altitude the average temper-
ature is close to 23°C, 19°C at 1500 m and 15°C at 2000 m; average rainfall varies
between 1000 and 2000 mm. The lowest monthly rainfall is recorded between
January and February and between July and August

(https://www.congovirtuel.com). The study area is made up of (Figure 3):

¢ Alluvium, eluvium and colluvium resting on the lacustrine series, beaches and
low plains of the Lake Edward;
¢ Granites and associated;

* Ancient basic lavas corresponding to the ancient volcanism of the region;

28°30'0"E 28°45'0"E 29°0'0"E 29°15'0"E 29°30'0"E N

[ e
) B
[x] ™
o °
Legend
(7] »n Mineral resources
=) =)
-g fg *OT.CUA Fe ¢ Tu
o S |d Nb, niobotantalate, Tn@ Pb
» » @ Hot spring ® sn
=) | ©
= S (®) Rare earth
- | Geological formation
o » I Alluvium, Colluvial deposits
° 5 | M Area not mapped
© [0 | M Associated granitic rocks
- ~ | I Basic Lavas
o ® I Granitic rocks
5 £ | I Greenish boulder material
2 [ | I Lakes
- +~ | I Recent basic lavas
‘ ® [0 Syenite
‘ < SN : Unk
ko K7V u & [ 25 Unknown
c ‘ UOSEEROYA AFRIQUE CENTRALE, TERVUREN 2005) | @ 0 125 25 50
28°30'0"E 28°45'0"E 29°0'0"E 29°15'0"E 29°30'0"E -~ o Km

Figure 3. Geological map of our study area.
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* Recent basic lavas corresponding to the recent volcanism of the region. Re-
cent volcanism is still ongoing;

¢ Syenites;

¢ Pegmatites.

Mineral resources present in our study area are also mapped in Figure 3.

3. Data and Methods
3.1. Data Collection

The complete Bouguer anomalies (CBA)’ data of our study region were down-
loaded from the Bureau International de Gravimétrie (BIG) website
(https://bgi.obs-mip.fr). The database is based on 1720 virtual stations equidis-
tant by 3.71 km. The CBA map is shown in Figure 4.

The geomagnetic field intensity data were downloaded on 4 August 2022 from
https://ngdc.noaa.gov/geomag/WMM. These data come from satellite and are
recorded by the World Magnetic Model (WMM) calculator developed jointly by
the National Geophysical Data Center (NGDC) and the British Geological Sur-
vey (BGS).

In this work, the 2015 International Geomagnetic Reference Field (IGRF) data

is used as the reference for calculating magnetic anomalies. The satellite data

concerned by this study are:

* SRTM type for topography (Figure 5);

* Magnetic field intensity data (Figure 6(a));

* IGRF 2015 data incorporated into Oasis montaj 8.4 software (Figure 6(b)).
The difference 7' - Fbetween the data in Figure 6(a) and those in Figure 6(b)

gives a map of the magnetic anomalies (Figure 7).
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Figure 4. Complete Bouguer anomalies Ag of our study region.
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Figure 5. SRTM type for topography of our study area.
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Figure 6. (a) Earth’s magnetic field T in our study region, kriged on 4/8/2022 at an alti-

tude of 3000 m. (b) Regional magnetic field F in our study region, according to the 2015
International Geomagnetic Reference Field.
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Figure 7. Magnetic anomalies in our study region.

3.2. Data Processing

3.2.1. The Reduction Filter at the Equator

The reduction filter at the equator is a rotation operation that brings the mag-
netic field back into the horizontal plane. The magnetic anomalies are represented
as if they had been measured at the magnetic equator. The reduced to equator

magnetic anomalies, AB,, are given by Reynolds (2011):

AB, = F*{y,F (AB)} (1)
with
cos(u) 2
“’e:‘Linu>+icos<|>cos<r>—u>
where:

* vy, isthe filter operator for reduction at the equator in the spectral domain;
* ABis the magnetic anomaly of the total field;
e [is the inclination of the Earth’s magnetic field;

* Dis the declination of the Earth’s magnetic field;

t K
. =arctan| — |;
U K

* k,and k, are the components of the wave vector with respect to xand y.

The reduced magnetic anomalies at the equator are shown in Figure 8.

3.2.2. The Upward Continuation Filter
The upward continuation filter transforms the data as if it had been measured at
a different height above the source and is defined by Blakely (1995).
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Figure 8. Reduced to equator magnetic anomalies of our study region, | =-26.51" and

D=1.22".

The regional Bouguer and magnetic anomalies, resulting from upward con-
tinuation to 500 m elevation, are shown in Figure 9.

The residual gravity and magnetic anomalies, obtained after upward continu-
ation at an elevation of 500 m, in our study region are shown in Figure 10.

3.3. Methods

Various methods are applied to residual gravity and magnetic anomalies in or-
der to highlight certain characteristics of the shallow subsoil in the southern part
of North Kivu. The different methods used in this work are the Horizontal Gra-
dient Magnitude (HGM), the Analytic Signal (SA), the Tilt Derivative (TDR),
the horizontal gradient of tilt derivative and the Tilt Angle of Horizontal Gra-
dient (TAHG) magnitude. The various methods used are described in the rest of
this work and are implemented, except the TAHG, in the Oasis montaj 8.4 soft-
ware. All the methods based on the amplitude of gravity and magnetic anomalies
display the edges of shallow anomaly sources correctly (Prasad et al., 2022; Pham
et al., 2021; Eldosouky et al., 2020; Pham, 2020, 2021). These methods include
the horizontal gradient magnitude, the analytic signal and the horizontal deriva-
tive of tilt derivative. The legend bar is indicated on some graphs by an abbrevia-
tion of the method whose subscript indicates the data type: Ag or AB also de-
noted AT.

3.3.1. The Horizontal Gradient
The Horizontal Gradient Magnitude (HGM) is defined by Cordell and Grauch

(1985) as:
2 2
HGWx,y):\/{%) +(%) (2)

where AFis either the gravity anomaly or the magnetic field anomaly.
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Figure 9. (a) Regional Bouguer anomalies, (b) regional magnetic anomalies and (c) re-
duced to equator regional magnetic anomalies obtained after continuation upwards to
500 m elevation.
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Figure 10. (a) Residual Bouguer anomalies and (b) reduced to equator residual magnetic
anomalies, obtained after upward continuation to 500 m elevation.

The HGM of gravity and magnetic anomalies is used to detect the edges of
shallow structures because its maximum values correspond to the horizontal
limits of shallow sources (Eldosouky et al., 2020; Pham, 2020, 2021; Pham et al.,
2021). The HGM highlights the presence of lineaments and contacts (Pham,
2021).

3.3.2. The Analytic Signal
According to Roest et al. (1992), the Analytic Signal (SA) can be obtained from

NP . o OAF OAF OAF
the derivatives in the three perpendicular directions , and :
ox oy 1674
DOI: 10.4236/gep.2023.119007 99 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2023.119007

A. Mbata Muliwavyo et al.

2 2 2
SA(X, .2)= OAF . OAF . OAF 3)
OX oy oz
Like HGM, SA of gravity or magnetic anomalies highlights the horizontal

boundaries of shallow structures. HGM and SA do not have sufficient resolution

to properly delineate horizontal boundaries (Pham, 2021).

3.3.3. The Tilt Derivative or the Tilt Angle
Introduced by Miller and Singh (1994) for lineament mapping, the Tilt Deriva-
tive (TDR) at a point (x,y) is given by equation:

OAF

| oz
TDR(x,y)=tan HGM(x.) (4)

where HGM(x,y) is the horizontal gradient magnitude. It is based on the phase
produced for equalizing the different amplitudes of gravity and magnetic ano-
malies (Miller & Singh, 1994). The TDR has a maximum value above shallow
anomaly (Miller & Singh, 1994). Zero values of the TDR give the horizontal lim-
its of deep (Prasad et al., 2022) and shallow anomaly sources (Eldosouky et al.,
2020; Pham, 2020, 2021; Pham et al., 2021). However, secondary boundaries are
observed around the actual edges (Prasad et al., 2022).

3.3.4. The Horizontal Derivative of Tilt Derivative
The Horizontal Derivative of Tilt Derivative (HDTDR) is defined by the equa-
tion (Verduzco et al., 2004):

(5)

HDTDR(X, y) = \/(GESRJ + (6T8|§R]

The HDTDR uses the maximum values to reinforce the horizontal boundaries
of shallow sources (Pham, 2021; Askari, 2014). Nevertheless, secondary bounda-
ries are observed around the actual edges (Prasad et al., 2022; Pham, 2020).

3.3.5. The Tilt Angle of the Horizontal Gradient
Introduced by Ferreira et al. (2013), the tilt derivative of the horizontal deriva-
tive (called also Tilt Angle of Horizontal Gradient (TAHG)) is defined as:

OHGM
TAHG = tan™ oz 6)

ERE
o[22

with A Fthe gravity or the magnetic anomaly. The TAHG method can generate a

where

balanced image for the anomaly sources located at different depths (Prasad et al.,
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2022) and detect all the source edges without any false edges (Pham et al., 2021).

4. Results and Discussions
4.1. Potential Field Anomalies

4.1.1. Gravity Anomalies

Low Ag values range from —65.9 mGal to —38.7 mGal and are observed in the

North-East of the Rutshuru territory, in the North, the South and the West of

the Masisi territory, and in the North-East and the Center of the Nyiragongo

territory (Figure 4). In the West, the Center and the East of the Rutshuru terri-
tory, in the Masisi territory and in the west and north of the Nyiragongo territo-

ry, intermediate Agvalues ranged from —38.7 to —22.7 mGal (Figure 4).

The high Ag values range from —22.7 to 9.3 mGal and are found in the West,
the Center and the South-East of the Rutshuru territory and in the Masisi terri-
tory (Figure 4). The gravity anomaly map highlights the following facts (Figure
4):

* From East to West of the Rutshuru territory, there are sources of high ano-
malies which alternate with sources of low anomalies. These anomalies ex-
tend from the North to the South of the Rutshuru territory;

* In the Masisi territory, low anomalies’ sources are scattered among sources of
high anomalies;

* In the Nyiragongo territory, sources of low gravity anomalies are the predo-

minant sources.

4.1.2. Magnetic Field Anomalies

In the East, the North-West and the Center of the Rutshuru territory, in the

North and the East of the Masisi territory and in the North of the Nyiragongo

territory, the high ABvalues vary between —176.7 and —163.5 nT (Figure 7). The

higher AB values observed in the North of the Nyiragongo territory and in the

South-East of the Rutshuru territory could be due to the presence of active and

“extinct” volcanoes.

Intermediate values of AB range from —187.0 to —176.7 nT and are observed
in the West and the Center of the Rutshuru territory, in the North, the Center,
the West and the South-East of the Masisi territory and in the South-West of the
Nyiragongo territory (Figure 7).

In the Center of the Rutshuru territory and in the West and South-West of the
Masisi territory, low AB values ranged from —187.0 to —197.8 nT (Figure 7).

Regional gravity and magnetic anomaly maps show the following facts (Figure
7):

* The South-West of the Masisi territory and the West of the Rutshuru territo-
ry are characterized by sources of high gravity anomalies or high densities,
although there are a few sources of medium gravity anomalies or densities
near Earth density in this area;

* In the South of the Rutshuru territory and in the Nyiragongo territory, there

are a few medium gravity anomalies scattered among sources of weak gravity
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anomalies or densities inferior to Earth density;
* The western and southern parts of the Rutshuru territory and the eastern
part of the Masisi territory have sources of high magnetic anomalies or high

magnetic susceptibilities and gravity anomalies in their subsurface.

4.2. The Horizontal Gradient of Anomalies or the Amplitude of the
Horizontal Gradient

In the East, the South, the West and the Center of the Rutshuru territory high
values of HGM,, (x,y) varying between 356 and 130.4 mGal/m. They are also
observed in the West, the North-West and North-East of the Nyiragongo terri-

tory and in the Masisi territory as shown in Figure 11.
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Figure 11. (a) Horizontal gradient of residual Bouguer anomalies. (b) Horizontal gra-
dient of reduced to equator magnetic anomalies. HGM is denoted in figure as AGH.
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The intermediate values of HGM,, (x,y) range from 111.6 to 62.6 mGal/m
and are observed in the South, the North, the Center, the West and the East of
the Rutshuru territory, in the South-West and the Center of the Nyiragongo ter-
ritory and in the Masisi territory.

In the West, the East, the South and the North of the Rutshuru territory, in
the South-West and the North of the Nyiragongo territory, in the South and the
East of Masisi territory, the low values of HGM, (x,y) vary between 48.1 and
14.7 mGal/m.

The low values of HGM,; (x,y) range from 7.3 to 2.2 n'T/m and are observed
in the West, South, in the North-East and the Center of the Rutshuru territory,
in the South-West and South-East of the Masisi territory.

In the North, the South, the East and the West of the Rutshuru territory, in
the West of the Nyiragongo territory and in Masisi territory, the intermediate
values of HGM,;(x,y) vary from 19.3 to 9.7 nT/m.

In the East, the West, the South and the Center of the Rutshuru territory, in
the Nyiragongo territory and in the Masisi territory, high values of HGM g, (x,y)
range from 70.6 to 23.3 nT/m.

As the maximum values of HGM,(x,y) and HGM,(x,y) indicate the
edges of shallow structures (Figure 11), the study area could contain close geo-
logical contacts at the surface.

Some gravity lineaments in our study area are not only more or less parallel to
each other but also more or less parallel to the magnetic lineaments, and other
gravity lineaments intersect and/or are perpendicular to the magnetic lineaments
(Figure 12).

Some mineral resources are located in the vicinity sometimes even on the lim-

it of gravity and magnetic lineaments as attested in Figure 13.

4.3. The Analytic Signal

In the West, the South, the East and the North-East of the Rutshuru territory, in
the Center and South-West of the Nyiragongo territory, and in the East and
South of the Masisi territory, the low values of SA, (x,y,z) range from 84.6 to
34.0 mGal/m (Figure 14).

The intermediate values of SA, (x,y,z) vary between 174.2 and 105.9
mGal/m and are observed in the East, the West, the South, the North and the
Center of the Rutshuru territory, the South-East and the Center of the Nyira-
gongo territory, the North, the East, the South and the West of the Masisi terri-
tory.

In the South, the East, the West, the North-West and the Center of the Rut-
shuru territory, in the North-West and the North-East of the Nyiragongo terri-
tory and in the Masisi territory, high values of SA, (x,y,z) range from 514.6
to 200.1 mGal/m.

The high values of SA,;(x,y,z) range from 106.3 to 36 nT/m are observed
in the West, the East, the South, the Center and the North-West of the Rutshuru
territory and in the Nyiragongo territory and the Masisi territory.

DOI: 10.4236/gep.2023.119007

103 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2023.119007

A. Mbata Muliwavyo et al.

28.50 28.75 29.00 29.25 29.50 29.75 28.50 28.75 29.00 29.25 29.50 29.75
b S 2 ©
< 3 < 3
N s 2 &
S o ? o
u8 NI =
g An 3 g i\ 3
= ' = '
< = <R =
- N — N
1 (3] 1 (3]
Q - 4 N
el s 0 ;
- 3 - 3]
1 o 1 o
0 - Rl N
N[ s N~ n
- ~ - ~
1 U.' 1 U’l
28.50 28.75 29.00 29.25 29.50 29.75 ! 28 50 28.75 29.00 29.25 29.50 29.75 |
25000 0 25000 LONGITUDE N 25000 25000 LONGITUDE _
WGS 84 (/mzj;?n:rsione 358 WGS 84 (/mstren;ls)zone 358
(a) (b)
Rose Diagram Rose Diagram
‘PI
(6
270- &2
j”s
b 8
- 10
(© (d)

Figure 12. (a) Lineaments derived from the horizontal gradient of residual Bouguer anomalies. (b) Reduced to equator residual

magnetic anomalies. (c) Rose diagram of residual Bouguer anomalies. (d) Rose diagram of reduced to equator magnetic anoma-

lies.

Intermediate values of magnetic anomalies’ SA range from 30.6 to 15.8 nT/m
and are observed in the West, the South, the North and the East of the Rutshuru

territory, in the South-West and the West of the Nyiragongo territory and in the

Masisi territory.
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Figure 13. Map of mineral resource indices superimposed on lineaments’ map arising
from HGM.

In the West, the North and the East of the Rutshuru territory, in the North-West
of the Nyiragongo territory, in the East, the South-West and the North of the
Masisi territory, the low values of magnetic anomalies’ SA range from 11.9 to 4.5
nT/m.

The maximum values of gravity anomalies’ SA and magnetic anomalies’ SA
indicate the edges of shallow structures (Figure 14). Figure 14(a) and Figure 14(b)
have some similarities. The high values of gravity anomalies’ SA and magnetic
anomalies’ SA could characterize shallow rocks with high variation in density or
magnetic susceptibility. Low amplitude anomaly sources are difficult to recog-
nize among higher amplitude anomaly sources when using HGM, SA and their
enhanced versions (Eldosouky et al., 2022). Moreover, Prasad et al. (2022) note
that the HGM and AS filters cannot delineate deeper bodies and anomalies’ am-
plitudes from the sources located at different depths.

HGM and SA applied to gravity and magnetic anomalies in our study region
show that:

* The eastern part of the Rutshuru territory has shallow underground sources
of anomalies with almost the same boundaries. In this case, the sources of
gravity anomalies and the sources of magnetic anomalies are almost the same
in the study area;

* The plains of the Rutshuru territory are dominated by sources of weak gravi-
ty anomalies and sources of weak magnetic anomalies;

* The southern part of the Rutshuru territory and a large part of the Masisi ter-
ritory have subsoil sources of high gravity and magnetic anomalies. Magnetic

sources with medium anomalies are sparse in this region;
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Figure 14. (a) Analytic signal of residual Bouguer anomalies. (b) Analytic signal of re-
duced to equator magnetic anomalies.

* The northern part of the Nyiragongo territory is dominated by structures
with high HGM or SA values.
The gravity and magnetic lineaments would have two structural directions:
N-S, NE-SW and W-E (Figure 15). Some mineralizations are near the gravity and
magnetic lineaments (Figure 16).

4.4, The Tilt Derivative

The directional derivative applied to the residual gravity and magnetic anomalies

is shown in Figure 17.
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Figure 15. (a) Lineaments derived from AS of residual Bouguer anomalies. (b) Lineaments derived from AS of residual reduced to
equator magnetic anomalies. (c) Rose diagram of the lineaments derived from AS of residual Bouguer anomalies. (d) Rose dia-
gram derived from AS of reduced to equator magnetic anomalies.

The high values of TDR,, (x,y), ranging from 0.4 to 1.25 radians, are observed
in the West, the Center, the North and South-West of the Nyiragongo territory

and in the Masisi territory and the Rutshuru territory.
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Figure 16. Map of mineral resource indices superimposed on lineaments’ map arising
from AS.
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Figure 17. (a) Tilt derivative of residual Bouguer anomalies. (b) Tilt derivative of reduced
to equator residual magnetic anomalies.
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The TDR higher values of magnetic anomalies vary between 0.2 and 1.2 ra-
dians and are observed in the North and the East of the Nyiragongo territory, in
the East, the West, the South and the Center of the Rutshuru territory and in the
Masisi territory. Negative values of gravity anomalies’ TDR in the Rutshuru ter-
ritory can be assigned to structures of low density. Taking into account the ge-
ology of the territory of the Rutshuru where there are sedimentary formations of
the alluvium, elluvium and colluvium type, it is likely that the negative values of
TDR and even the low gravity anomalies are due to the presence of hydrocar-
bons. As the zero value of the tilt angle of anomalies gives the limits of an ano-
maly source, negative TDR values of magnetic anomalies are characteristic of
non-magnetic rocks and range in our study area from —0.3 to —1.3 radians. The
TDR has a maximum value above shallow anomaly. The sources of shallow ano-
malies revealed by TDR in our study area are more or less linear. As TDR can
bring false boundaries in the edge maps (Pham et al., 2021), all the bodies deli-
neated by this filter in our study area should also be considered with care.

The gravity or magnetic lineaments in our study area would have two struc-
tural directions: N-S and W-E (Figure 18).

Some gravity lineaments are more or less parallel to the magnetic lineaments,
and other gravity lineaments intersect and/or are perpendicular to the magnetic
lineaments (Figure 19). Some indices of mineral resources in our study area are
located near or even on magnetic lineaments for this vast region, others near or

even on the gravity lineaments (Figure 19).

4.5. The Horizontal Derivative of Tilt Derivative

The horizontal derivative of the tilt derivative applied to the residual gravity and
magnetic anomalies is shown in Figure 20. In the East, the South, the West, the
North-East, the North-West and the Center of the Rutshuru territory, in the
Nyiragongo territory and in the Masisi territory, the high values of gravity ano-
malies’ HDTDR range from 52.9 to 87.0 radian/m. The higher values of magnet-
ic anomalies HDTDR, varying between 61.8 and 108.5 radian/m, are observed in
the Center, the West and the North-East of the Nyiragongo territory, in the West,
the South, the East and the Center of the Rutshuru territory and in the Masisi
territory.

The edges of shallow structures revealed in our study area by the maximum
gravity and magnetic HDTDR values are more or less linear and interconnected
(Figure 20). Arisoy and Dikmen (2013) noted that THTDR filter amplifies noise
and is not effective in delineating deeper anomaly sources. Thus, all bodies deli-
neated by this filter cannot be considered as real sources; some bodies can be ar-
tifacts. In our study area, gravity or magnetic lineaments derived from HDTDR
analysis have two structural directions: N-S and W-E as shown in Figure 21.

The TDR and HDTDR show differences in the limitation of the edges of the
anomaly sources in the three territories of the study area. But certain facts stand
out: a large part of the Rutshuru territory is dominated by non-magnetic ano-

maly sources. This is not the case in the Masisi territory. In addition, the shallow
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Figure 18. (a) Lineaments derived from the tilt derivative of residual Bouguer anomalies. (b) Lineaments derived from the tilt

derivative of residual reduced to equator residual magnetic anomalies. (c) Rose diagram of the lineaments derived from the tilt

derivative of residual Bouguer anomalies. (d) Rose diagram of the lineaments derived from the tilt derivative of reduced to equator

magnetic anomalies.

anomaly sources in our study area, revealed by TDR and HDTDR, appear to be

linear and interconnected, as shown in Figure 17 and Figure 20.

Some gravity lineaments are more or less parallel to that of the magnetic li-

neaments, and other gravity lineaments intersect and/or are perpendicular to the

magnetic lineaments (see Figure 22).
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Figure 19. Map of mineral resource indices superimposed on lineaments’ map resulting
from the tilt derivative.
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Figure 20. (a) Horizontal derivative of tilt derivative of residual Bouguer anomalies. (b)
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Figure 21. (a) Lineaments derived from the horizontal derivative of tilt derivative of residual anomalies. (b) Lineaments derived
from the horizontal derivative of tilt derivative of reduced to equator residual magnetic anomalies. (c) Rose diagram of lineaments
derived from the horizontal derivative of tilt derivative of residual Bouguer anomalies. (d) Rose diagram of lineaments derived
from the horizontal derivative of tilt derivative of reduced to equator magnetic anomalies.

Some indices of mineral resources in our study area are located near or even
on magnetic lineaments, others near or even on the gravity lineaments. In last other
indices of mineral resources are not located on one or more lineaments, i.e. no

gravity lineaments and no magnetic lineaments as indicated in Figure 22.
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Figure 22. Map of mineral resource indices superimposed on lineaments’ map resulting from the

horizontal derivative of tilt derivative.

4.6. The Tilt Angle of the Horizontal Gradient

High gravity TAHG values shown in Figure 23 vary between 0.1 and 1.2 radians
and can be linked to geological bodies of high density while positive magnetic
TAHG values, varying between 0.0 and 1.2 radians, can reveal rocks of high
magnetic susceptibilities.

The negative gravity TAHG values or the negative magnetic TAHG values,
ranging from —0.1 to —1.4 radians, are probably linked to deeper bodies or to
low density geological bodies and low magnetic susceptibility sources, respec-
tively.

Anomaly sources are almost linear and interconnected in our study area as
shown in Figure 23. According to Pham et al. (2021), TAHG filter can equalize
the large and small amplitude anomalies from sources located at different edges
without any false edges. Therefore, it can delineate all the borders of anomaly
sources in our study area. However, in presence of anomaly sources of superim-
posed magnetic structures, it cannot perform well (Prasad et al., 2022) and thus
edges of anomaly sources revealed in our study area by TAHG should also be
taken with care. Our results from this filter can, therefore, retain our attention
and can be compared to those obtained by applying the preceding filters.

Figure 24 presents a synthetic map of study area lineaments derived from re-
sults of different filters that have been applied to gravity and magnetic anoma-
lies. The study area would be strewn by several fractures and or lithological con-
tacts as shown in Figure 24. This is due to the fact that the study area is located

on the western branch of Eastern African Rift.
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Figure 23. (a) Tilt angle of the horizontal gradient of residual Bouguer anomalies. (b) Tilt

angle of the horizontal gradient of reduced to equator residual magnetic anomalies.
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Figure 24. Map of gravity and magnetic lineaments derived from results of all filters, ex-
cept the TAHG filter, used in this paper.
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5. Conclusion

The South-West of the Masisi territory and the West of the Rutshuru territory
are characterized by sources of high gravity anomalies, however, in this area,
some sources of medium gravity anomalies are found there. The West and South
of the Rutshuru territory and the eastern part of Masisi territory have sources of
high magnetic anomalies in their subsoil. In the South of the Rutshuru territory
and the North of the Nyiragongo territory, there are some medium gravity ano-
malies’ sources scattered among the sources of weak gravity anomalies. The East
of the Rutshuru territory presents in its shallow basement sources of gravity
and magnetic anomalies having almost the same limits. The sources of gravity
anomalies and the sources of magnetic anomalies are almost identical in the
study area. The plains of the Rutshuru territory are dominated by sources of
weak gravity anomalies and sources of very weak magnetic anomalies. The
South of the Rutshuru territory and a large part of the Masisi territory have
sources of both gravimetric and high magnetic anomalies that practically
coincide. The sources of shallow gravity and magnetic anomalies encountered
in our study area are more or less linear and connected. All gravity and mag-
netic lineaments in our study region have three major directions: East-West,
North-South and North-East-South-West. Our work is limited to the characteri-
zation of the shallow subsoil of the southern region of the North-Kivu province.

The characterization of the deep subsurface may be the subject of further work.
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