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Historical Review

More than 90 years have passed since the University Lju-
bljana in Slovenia was founded in 1919. Technical fields
were united in the School of Engineering that included the
Geologic and Mining Division, while the Metallurgy Divi-
sion was established only in 1939. Today, the Departments
of Geology, Mining and Geotechnology, Materials and Met-
allurgy are all part of the Faculty of Natural Sciences and
Engineering, University of Ljubljana.

Before World War I, the members of the Mining Section
together with the Association of Yugoslav Mining and Met-
allurgy Engineers began to publish the summaries of their
research and studies in their technical periodical Rudarski
zbornik (Mining Proceedings). Three volumes of Rudarski
zbornik (1937, 1938 and 1939) were published. The War
interrupted the publication and it was not until 1952 that
the first issue of the new journal Rudarsko-metalurski
zbornik - RMZ (Mining and Metallurgy Quarterly) was
published by the Division of Mining and Metallurgy, Uni-
versity of Ljubljana. Today, the journal is regularly pub-
lished quarterly. RMZ - M&G is co-issued and co-financed
by the Faculty of Natural Sciences and Engineering Ljublja-
na, the Institute for Mining, Geotechnology and Environ-
ment Ljubljana, and the Velenje Coal Mine. In addition, it
is partly funded by the Ministry of Education, Science and
Sport of Slovenia.

During the meeting of the Advisory and the Editorial
Board on May 22, 1998, Rudarsko-metalurski zbornik
was renamed into “RMZ - Materials and Geoenvironment
(RMZ - Materiali in Geookolje)” or shortly RMZ - M&G.
RMZ - M&G is managed by an advisory and international
editorial board and is exchanged with other world-known
periodicals. All the papers submitted to the RMZ - M&G
undergoes the course of the peer-review process.

RMZ - M&G is the only scientific and professional periodi-
cal in Slovenia which has been published in the same form
for 60 years. It incorporates the scientific and professional
topics on geology, mining, geotechnology, materials and
metallurgy. In the year 2013, the Editorial Board decided
to modernize the journal’s format.

A wide range of topics on geosciences are welcome to be
published in the RMZ - Materials and Geoenvironment.
Research results in geology, hydrogeology, mining, geo-
technology, materials, metallurgy, natural and anthropo-
genic pollution of environment, biogeochemistry are the
proposed fields of work which the journal will handle.

Editor-in-Chief

Zgodovinski pregled

Ze vet kot 90 let je minilo od ustanovitve Univerze v Lju-
bljani leta 1919. Tehnicne stroke so se zdruzile v Tehniski
visoki Soli, ki sta jo sestavljala oddelka za geologijo in ru-
darstvo, medtem ko je bil oddelek za metalurgijo ustano-
vljen leta 1939. Danes oddelki za geologijo, rudarstvo in
geotehnologijo ter materiale in metalurgijo delujejo v sklo-
pu Naravoslovnotehniske fakultete Univerze v Ljubljani.
Pred 2. svetovno vojno so ¢lani rudarske sekcije skupaj
z ZdruzZenjem jugoslovanskih inzenirjev rudarstva in me-
talurgije zaceli izdajanje povzetkov njihovega raziskoval-
nega dela v Rudarskem zborniku. 1zsli so trije letniki zbor-
nika (1937, 1938 in 1939). Vojna je prekinila izdajanje
zbornika vse do leta 1952, ko je izSel prvi letnik nove revi-
je Rudarsko-metalurski zbornik - RMZ v izdaji odsekov za
rudarstvo in metalurgijo Univerze v Ljubljani. Danes revija
izhaja Stirikrat letno. RMZ - M&G izdajajo in financirajo
Naravoslovnotehniska fakulteta v Ljubljani, Institut za ru-
darstvo, geotehnologijo in okolje ter Premogovnik Velenje.
Prav tako izdajo revije financira Ministrstvo za izobrazeva-
nje, znanost in Sport.

Na seji izdajateljskega sveta in uredniskega odbora je
bilo 22. maja 1998 sklenjeno, da se Rudarsko-metalurski
zbornik preimenuje v RMZ - Materiali in geookolje (RMZ -
Materials and Geoenvironment) ali skrajsano RMZ - M&G.
Revijo RMZ - M&G upravljata izdajateljski svet in medna-
rodni uredniski odbor. Revija je vklju¢ena v mednarodno
izmenjavo svetovno znanih publikacij. Vsi ¢lanki so pod-
vrzeni recenzijskemu postopku.

RMZ - M&G je edina strokovno-znanstvena revija v Slo-
veniji, ki izhaja v nespremenjeni obliki Ze 60 let. ZdruZuje
podrocja geologije, rudarstva, geotehnologije, materialov
in metalurgije. Uredniski odbor je leta 2013 sklenil, da po-
sodobi obliko revije.

Za objavo v reviji RMZ - Materiali in geookolje so dobrodo-
sli tudi prispevki s Sirokega podrocja geoznanosti, kot so:
geologija, hidrologija, rudarstvo, geotehnologija, materiali,

metalurgija, onesnazevanje okolja in biokemija.

Glavni urednik
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Geotechnical Terrain Models and Types of Instabilities in
the Durmitor Flysch Complex

Geotehnicni Terenski Modeli in Vrste Nestabilnosti v Durmitorskem
FliSnem Kompleksu

Aleksandar Golijanin'*, Vladimir Malbasi¢?

'Market Surveillance Agency of BiH, Karadordeva 8, Sarajevo, Bosnia and Herzegovina

2 Faculty of Mining, Prijedor, University of Banja Luka, Street of Savo Kovacevic¢, Bosnia and Herzegovina
* aleksandar.golijanin@annt.gov.ba

Abstract

The Durmitor flysch complex represents a specific
formation both in lithological and engineering geo-
logical sense. In the engineering geological sense this
lithological formation is characterized by anisotropic
and heterogeneous geotechnical properties, which de-
pend on the dominant members within each individual
package, as well as their spatial position.The Durmitor
flysch complex consists of five superposition bed pack-
ages, which are mutually substantially different in their
lithological, hydrogeological and geotechnical prop-
erties. For the first time in geological literature, this
paper distinguishes five types of terrain construction
within the Durmitor flysch complex. Contemporary
geodynamic processes and their character within the
flysch formation are defined. Particular emphasis is put
on landslides, which represent a contemporary geody-
namic phenomenon with certain specificities.

Key words: durmitor flysch complex, geotechnical mo-
dels

Povzetek

Durmitorski flisSni kompleks predstavlja posebno for-
macijo v litoloSkem in tudi inZenirsko-geoloskem smi-
slu. V inZenirsko-geoloSkem smislu so znacilne zanjo
anizotropne in heterogene geotehnicne lastnosti, ki
so odvisne od prevladujocih ¢lenov v vsakem posame-
znem paketu in prav tako od njihove prostorske lege.
Durmitorski fliSni kompleks sestoji iz petih drug na
drugega naloZenih paketov plasti, ki se medsebojno
bistveno razlikujejo v litoloskih, hidrogeoloskih in geo-
tehnic¢ni lastnostih. Prvi¢ v geoloski literaturi ta ¢lanek
obravnava pet tipov terenske gradnje v durmitorskem
fliSnem kompleksu. Opredeljuje sodobne geodinamic-
ne procese Vv flisni formaciji in njihove posebnosti. Po-
sebno pozornost posveca plazovom, Ki predstavljajo
sodobni geodinamski pojav z nekaterimi posebnimi
lastnostmi.

Klju¢ne besede: durmitorski fliSni kompleks, geoteh-
ni¢ni modeli

@ Open Access. © 2018 Golijanin A., Malbasi¢ V., published by Sciendo.
() IZATTM| This work is licensed under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.



Introduction

This paper presents the categorization of ter-
rain construction in the geotechnical sense
with the aim of easier defining the conditions
for safe and efficient exploitation of road infra-
structure. In the paper is not performed only
the characterization of the rock complex at
a given time was carried out, as is the case in
the previous practice in the world [1-3]. The
categorization of the construction of the terrain
was carried out on a specific case and a location
within the very specific materials of the Durmi-
tor flysch, whereby field geotechnical research
and analysis of the existing literature data, pro-
vided sufficient material for this approach and
categorization of the terrain construction.

The term “Durmitor flysch” was first intro-
duced in geological literature in 1948 by Zarija
Besi¢ [4]. This term implies a powerful geolog-
ical formation, formed at the turn of the Upper
Cretaceous to Palaeogene. It spreads from the
North Albanian Plateau and the so-called Cuka-
li zone in the south, across the central part of
Montenegro and the northeast Herzegovina all
the way to the central Bosnia and Mount Vlasi¢
(Figure 1). It was named after the prominent
and spacious development of the southwest
slopes of Mount Durmitor, while the best gra-
dation of this formation, as well as all the con-
temporary geodynamic processes, can be most
clearly traced in the area of Cemerno mountain
pass in the northeast Herzegovina. The subject
of this paper will be precisely the specificities
of that part of the Durmitor flysch complex.
Flysch sediments are characterized by complex
lithological composition, i.e. they consist of:
basal limestone breccias and conglomerates,
limestones, siltstones, marly limestones, clay-
stones and marlstones of different thickness
and spatial position, which are classified into
five superposition packages in this area.

These rock masses are characterized by spe-
cific engineering geological properties, which
are determined by the specific lithological
composition. Therefore, this formation is char-
acterized by heterogeneous and anisotropic
geotechnical properties, which depend on pre-
dominant lithologic members in the complex,
as well as spatial position of the bed packages.

RMZ - M&G | 2019 | Vol.66 | pp.001-012

The formation of these sediments is related to
the Upper Cretaceous, i.e. the Senonian stage (),
and is presented as such on the Basic geological
map of SFRY, sheet Gacko [5], while the forma-
tion in the region of Montenegro is identified as
the Upper Cretaceous-Paleogene (K,,Pg). These
lithologic members were deposited in special
sedimentary conditions and are therefore found
in form of the beds of various thicknesses. The
beds of different lithological composition are
“packed” in five superposition packages, in
which the lithologic members rhythmically and
intermittently alternate. The rhythms have dif-
ferent composition as well as spatial spreading,
which is a consequence of geological composi-
tion of the watershed, climatic conditions that
prevailed during the cycle of sedimentation, as
well as post-genetic, primarily tectonic condi-
tions that these terrains were exposed to.

The post-genetic tectonic activity caused fold-
ing and faulting of these sediments and in-
tensified the process of thrusting of Triassic
limestones over the flysch formation, which
additionally complicates defining physical-me-
chanical parameters of these environments and
defining engineering geological conditions for
construction of both road infrastructure facili-
ties and other construction objects. In this con-
text, the issue of defining stability of the terrain,
i.e. the occurrence and type of instabilities is
very complex.

Specific climatic conditions that prevailed
during the Pleistocene and the Quaternary in
the observed area caused formation of numer-
ous glaciers, the melting of which during inter-
glacial periods resulted in extremely intense
erosion. Typical glacial forms of relief were
formed: cirques, waves, moraines. The activity
of the erosional process continued afterwards,
so that numerous river valleys were formed:
Piva, Tara, Drina, Moraca, Neretva, Sutjeska and
others, with several levels of fluvioglacial ter-
races and the accompanying erosional forms
of the relief. Sedimentary conditions, tectonic
and erosional activities in this region caused,
inter alia, formation of various terrain con-
structions [6]. Terrain construction represents
a particular arrangement of natural environ-
ments which can be distinguished by various
mechanical properties, but in terms of statics
actas a whole. The final result of these activities

Golijanin A., Malbasic V.
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Figure 1: The Durmitor flysch complex spreading.
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also caused the occurrence of various forms of

instabilities [7]:

— In the surface areas of the terrain, landslides
of the consequent type are predominantly
present. The sliding surfaces are generally
formed at the contact point of the surface de-
composition crust and the bedrock.

— During the periods of intense precipitation
(for example, the average annual precipita-
tion in the area of Cemerno is 1650, and it
often exceeds 2000 litre/m?) mudslides are
formed, as a specific form of instability in the
deluvial slope zone.

— On the valley slopes, primarily depending
on spatial position of the beds in the flysch
packages, the conditions for formation of
landslides are created, with the sliding sur-
faces predisposed by interlayer surfaces
(consequent type of landslides according to
Savarenski or lateral spread landslide ac-
cording to Varnes).

— Instabilities in the form of rockfalls are usual-
ly the consequence of technogenic activities
(construction of steep slopes during the con-
struction of roads, but they also occur during
the exploitation afterwards), while they are
considerably less often the result of erosion
(geological and natural processes).

In the report, special attention will be paid to
the effect of the terrain construction types on
the occurrence, types and basic characteristics
of the terrain instabilities. This is very import-
ant, not only for engineering geological and
geotechnical research for the purpose of reme-
diation of instabilities, but also for the purpose
of preventive action, i.e. the prevention of oc-
currence of instabilities during construction of
various facilities.

Geological structure of the terrain

Lithological composition

The flysch complex was created in the condi-
tions of interconnection of the land system and
the presence of sedimentary basin. Namely, the
surface streams and erosion of rock masses in
the land zone transport the eroded material
into the sedimentary basin. The amount and
volume (granulometric composition) of the

RMZ - M&G | 2019 | Vol.66 | pp.001-012

deposits are conditioned by the precipitation
regime. This is one of the causes that contrib-
uted to the formation of lithologically hetero-
geneous rock masses and rhythmic alternation
of breccias, conglomerates, limestone beds,
siltstones, marly limestones, marlstones and
claystones. Dimitrijevi¢ [8] considers that three
facies can be distinguished in the Durmitor fly-
sch complex: carbonate, siliciclastic and mixed
facies. The siliciclastic facies is characteristic
of the area covered by the sheet Gacko, BGM

SFRY. When creating the Basic geological map

of SFRY, sheet Gacko, Mirkovi¢, Kalezié, Pajo-

vi¢ and Vujisi¢ (1980) classified this lithologi-
cal formation into five superposition packages

(sub-stages) within the Upper Cretaceous Se-

nonian Stage (K,*):

1. Basal limestone breccias and conglom-
erates ('K,’) have the largest spread and
thickness. Composition of breccias and con-
glomerates depends on the foundation over
which they lie. Most often they are com-
posed of pieces and pebbles of Lower Cre-
taceous limestone. Diameter of the pieces or
fragments of limestone in breccias and con-
glomerates is up to 0.7 m. The binder is car-
bonate.

2. Layered breccias and limestones (*K,’) are
distinguished as the second package, mainly
composed of carbonate sediments. Coarse-
grained limestone conglomerates and brec-
cias occur in the form of banks thick between
2 and 5 meters. The binder is marly and
carbonate. In the geologic column, conglom-
erates turn into medium-grained, and these
turn into fine-grained layered limestone
breccias. Breccias are composed of pieces of
limestone, chert and marlstone.

3. Breccias, limestones and marlstones (°K.’)
take up most of the space within this litho-
logical formation. They occur in a wide belt
in line with the Dinaric direction of spread-
ing (northwest- southeast). Limestone brec-
cias occur in the form of banks and beds.
Their thickness varies from 0.5 to 10 meters.
Sandy limestones with a thickness of layers
varying from 0.25 to 0.5 meters lie over the
breccias. In the geologic column, sandy lime-
stones turn into sandy marlstones, and these
turn into greyish-greento brown laminat-
ed marlstones.

Golijanin A., Malbasic V.



4. Sandy-marly flysch series (*K)*) is com-
posed of microconglomerates, greywacke,
siltstones and marlstones. This superposi-
tion package of the Durmitor flysch complex
is characterized by very thin layers of indi-
vidual components that intermittently and
repeatedly alternate in the geologic column.
They are characterized by prominent folds.
The dimensions of the folds range in length
from several centimetres (micro) to sever-
al hundreds of metres (macro). If the slope
is composed of this package, landslides or
mudslides are usually formed, i.e. the slopes
should be treated as unstable or conditional-
ly stable.

5. Breccias, limestones and maristones (°K,*)
represent the fifth and the last package of
the Durmitor flysch complex. It is mainly
composed of carbonate sediments. Within
this package, coarse-grained limestone con-
glomerates and breccias, limestone breccias,
marly limestones and marlstones with chert
nodules are present.

Types of instabilities, frequency of their occur-
rence, their dynamics and volume significantly
depend on the slope structure (terrain con-
struction) and these issues will be discussed in
the chapter on the terrain constructions (Chap-
ter 3).

Tectonic properties of the terrain

In the geological past, intense tectonic process-

es occurred in this area, which was primarily

manifested through the process of thrusting

of the Middle Triassic massive limestone (T,")

over the Durmitor flysch complex [5]. The an-

gle of thrusting in the observed area is 30°-35°.

The south-southwest side of the Durmitor fly-

sch is erosionallydiscordant.

— Basal breccias and conglomerates ('K,* -
package 1) are poorly stratified and have
a general direction of decline towards the
northeast.

— Breccias, limestones and marly limestones
(°K,? - package 2) also have a general direc-
tion of decline towards the northeast. They
are undisturbed, i.e. the folding process is not
observed here, while the rupture forms occur
as transverse and diagonal decametric faults.

— The package of layered stratified breccias,
limestones and marlstones isfolded in nu-
merous metric, decametric and hectometric,
upright, inclined and overturned folds with a
span from several metres to 500 meters. The
folds are upright in one part, while they are
inclined in the other part of the package. The
axial surfaces are upright and inclined. The
vergence is southwest and the vergence an-
gle is up to 10°.

— Within the package of conglomerates, silt-
stones, marlstones and claystone (*K,?) and
the package oflayeredbreccias, limestones
and marlstones (°K,?), numerous metric and
decametric, upright and inclined, overturned
and recumbent folds developed. Their span
ranges from 1 to about 10 metres. The ter-
rain constructed from this package is mostly
covered with vegetation and deluvial depos-
its so its development can be traced in the
streambeds and the road cuts [9].

Hydprological and hydrogeological properties
of the terrain

Hydrological properties

The area constructed from the Durmitor fly-
sch complex in the observed part of the terrain
abounds with a very high precipitation, as well
as large oscillations in atmospheric tempera-
tureduring the year. The amount of precipita-
tion and temperature oscillations are the most
important exogenous agents when it comes
to shaping of the relief. Also, these agents sig-
nificantly affect the occurrence of the terrain
instabilities. As an illustration of the previous
assertion, Table 1 shows the average precipi-
tation during the year, measured at the rainfall
monitoring station Cemerno, expressed in mil-
limetres of deposited water.

Temperature oscillations are enormous both
during the year and within a day. The lowest
recorded temperature is about -40°C, while the
highest is about 35°C. Such temperature range
increases the intensity of the surface decompo-
sition, i.e. the mechanical disintegration of the
solid rock masses, which is very important in
terms of the terrain stability.

Geotechnical Terrain Models and Types of Instabilities in the Durmitor Flysch Complex



Table 1: Average monthly precipitation at the rainfall monitoring station Cemerno (according to HMIBiH)

month I II 111 1A% \'4 VI VII

vill  IX X XI XII  total per year

mm 125 130 160 170 130 100 70

70 125 180 220 170 1650

Hydrogeological properties

In hydrogeological terms, the Quaternary eluvi-
al-deluvial deposits, degraded siltstones, clay-
stones, sandstones and thin laminated marl-
stones in the periods of abundant precipitation
constitute a water-saturated environment. In
such conditions, physically bound water re-
duces the shear strength parameter, adds extra
load to the slope and thus contributes to the
activation of the sliding process, while the free
groundwater in the fracture aggregates of the
pores contributes to the physico-chemical de-
composition and degradation of the basic rock
mass by pressure and circulation [10].
Durmitor flysch sediments are mainly poor-
ly permeable to impermeable rock masses. In
the flysch sediments, the groundwater level is
in the zone of surface decomposition (eluvi-
al-deluvial part), while it is directly related to
the water level in the watercourse in the Qua-
ternary sediments lying over the flysch forma-
tion (alluvial planes and river terraces). By the
type of porosity, hydrogeological function and
the position within the terrain, i.e. by the hydro-
geological conditions of formation of the aqui-
fer, the following categories of rock masses can
be distinguished in the terrain:

— Hydrogeological collectors with intergran-
ular porosity consist of the Quaternary sed-
iment (Q) including alluvial, proluvial and
deluvial deposits.

Relative hydrogeological collectors consist of
basal limestone breccias and conglomerates
('K,?), layered breccias and limestones (°K,?)
and, depending on the spatial position in the
relief, they function as a relative hydrogeo-
logical collector with fracture porosity. There
are no fractures of large dimensions with sig-
nificant continuity of spreading in these sedi-
mentary packages.

The rocks with combined fracture-intergran-
ular porosity partly consist of the sediments
of the third and the fifth superposition pack-
ages (’K,? °K,?) with breccias and limestones,
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while the marly component of this package is
a classic hydrogeological isolator.
Hydrogeological isolators, i.e. the imperme-
able rocks, consist of the fourth superposi-
tion package (*K,?), within which the marly
component is predominant. In contact with
water, this component becomes drenched
and, depending on its position in the struc-
ture, downslope mass movement may occur
along the component.

Terrain construction types

It is known that rock masses, as real bodies
in mechanical terms, exhibit very complex be-
haviour. This is due not only to their specific
structure, but also to different states of stress to
which they were exposed through the geologi-
cal history. Therefore, all rock masses, even the
youngest, are fragmented into a system of frac-
tures (primary and secondary), which are the
result of various stress effects and the dimen-
sions of which exceed the rock masses strength.
The terrain constructed from the Durmitor
flysch formation has a highly heterogeneous
lithological composition, where the lithologi-
cal components of various physical-mechani-
cal properties, i.e. environments intermittently
and rhythmically alternate. Therefore, these are
extremely complex terrain constructions, con-
structed from the following environments [6]:

1. Plastic environments - deluvial clayish de-
bris;

2. Plastic to quasiplastic environments - eluvi-
aldebris andmarly sediments;

3. Quasiplastic environments - sandy-marly
flysch series, basal sediment;

4. Brittle environments - limestones, sand-

stones, greywacke.

Natural terrain constructions in the observed
area are shown schematically in Figure 2.

On the basis of the presented terrain construc-
tion types in the Durmitor flysch formation, as
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Figure 2: Terrain construction types in the Durmitor flysch complex: 1 - plastic environment; 2 - plastic to quasiplastic
environment; 3 -quasiplastic environment; 4- brittle environment; h - construction height; h, h,- environment height;

TC 1-TC 5 - terrain construction designation.

well as the tectonic relations in the slope, it can
be concluded that the forms of deformation
are extremely complex. Namely, depending on
the spatial position of the geotechnical envi-
ronments (lithologic members), which inter-
mittently alternate in these packages and have
significantly distinct physical-mechanical prop-
erties, they behave differently under the influ-
ence of particular stresses in the nature.

Contemporary geodynamic
processes in the durmitor
flysch belt

General classification of instabilities in our
country has been used since 1962 [11]. Accord-

ing to this classification, contemporary slope
processes are classified into the following:

e rockfalls;

e landslides;

e creeps;

e mudslides.

When it comes to contemporary geodynamic
processes in the Durmitor flysch complex, we
can say that landslides of various dimensions
often occur, commonly in the areas where
the fourth and fifth superposition packages
(*K,? and °K,?) are predominant. Rockfalls occur
in riverbeds and in the notches and road cuts.
Their dimensions are not significant. As for
mudslides, geodynamic phenomena in which
the mass movement over a sliding surface takes
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Figure 3: The landslide “Zdralovpotok” is a typical example of a landslide on the Cemerno mountain pass (at the Cemerno

tunnel exit portal, main road M 20, section Gacko - Foca, [7]).

place at a very high speed, we can say that they
occured on two occasions in the past.
Rockfalls in the area of the Durmitor flysch
complex do not have significant spread and
large volumes, and are mainly related to steep
road cuts, as well as steep valley slopes whose
toes are being undercut by the river flows. They
occasionally happen due to large temperature
differences (the effects of frost), as well as the
influence of large amounts of precipitation.
The rockfalls with occurrence of massive stone
blocks are rare. In general, fragments of centi-
metric and decimetric dimensions occur, rarely
metric. They often happen as a consequence of
powerful earthquakes [12].

Screes in the flysch complex area have no sig-
nificant spread and are mostly located in the
area of the overthrustfront, where the massive
limestones from the Anisian stage (T,') are
thrust over the flysch sediments.

Landslides as contemporary geodynamic pro-
cesses represent mass movement on the slopes,
without detachment from the base, over a clear
shear surface (sliding surface). In the area con-
structed from the Durmitor flysch, especially
the northeast side of the Cemerno mountain
pass, landslides dominate (Figure 3). Some of
them are active, while a number of them are
dormant and relict landslides.

Shearing process in active landslides takes
place at the contact points of the Cretaceous
sediments and the Quaternary formations. In
special conditions, in conditions of the com-
plete watersaturation of the terrain and “fa-
vourable” position of the bedding surface, the
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landslide body can also cover the basic rock
mass. Sliding takes place over the drenched lay-
ers of marlstone and claystone. The most typ-
ical example of such landslide is the landslide
“CemernskoOsoje” (Figure 4).

The causes of sliding are multiple and they usu-
ally complement each other. In this case, the
main cause is the adverse impact of the stream
that reduces the erosional base by its erosion
activity, thereby removing, i.e. undermining
the toes of the slope. In addition to this cause,
the slope inclination and water saturation of
the rock mass (deluvial deposits, as well as
the basic rock mass) have crucial roles in the
formation of the landslide. The position of the
rock mass structure (the bedding position that
is parallel to the slope or lower than the slope
inclination) also has an important role. At the
time of strong earthquakes, landslides are reac-
tivated and numerous rockfalls occur [12].
Landslides in the observed area predominant-
ly fall into the group of consequent landslides
(Zolotarjev, 1983), i.e. the landslides of block
structure with the predisposed sliding surfac-
es. Sliding surfaces are mainly located at the
contact point of the eluvial-deluvialdebris and
the bedrock, and at the interlayer surfaces that
generally decline down the slope. In formation
of these landslides, apart from the above-men-
tioned exogenous agents (water and tem-
perature oscillations), the relief form and the
position of the basic rock mass structure also
have major roles. Sliding surfaces are usually
formed over the layers of claystone and marly
claystone.
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Figure 4: The landslide “CemernskoOsoje”.

Mudslides as geodynamic phenomena rep-
resent a distinct group of terrain instabilities,
which occur under conditions of the complete
watersaturation of the deposit (eluvial-delu-
vial debris). The speed of the mass move-
ment is quite high and it resembles a torrent.
As far as is known, the first such occurrence
happened in the fall of 1914 on the northeast
slope of Cemerno. On that occasion, a huge
amount of rock mass collapsed into the Sutjes-
ka riverbed, dammed the river and temporarily
created a lake. The same happened in Novem-
ber 2005 near Mojkovac in Montenegro, when
a huge amount of rock mass tumbled into the
Tara riverbed.

Discussion

The Durmitor flysch complex represents a spe-
cific lithological formation, formed during the

Upper Cretaceous Senonian Stage (K,?). This
lithological formation consists of five superpo-
sition bed packages, which are mutually sub-
stantially different in their lithological, hydro-
geological and geotechnical properties [13].
Dimitrijevi¢ considers that three facies can be
distinguished in the Durmitor flysch complex:
carbonate, siliciclastic and mixed facies. This
paper clearly distinguishes five packages with-
in the Durmitor flysch.

For the first time in geological literature, this
paper distinguishes five types of terrain con-
struction. Terrain construction represents
a particular arrangement of natural environ-
ments which can be distinguished by various
mechanical properties, but in terms of statics
act as a whole.

Contemporary geodynamic processes, as de-
fined bygeneral classification [8] are present in
this formation in all their forms, to a greater or
lesser extent.

Particular emphasis is put on landslides, where
in conditions of “favorable” position of the bed-
ding surfaces a sliding plane is formed over
them (the marly component). The landslides
mostly have a block structure, they are forme-
dover the predisposed surfaces and fall into the
group of consequent landslides.

Conclusion

The Durmitor flysch complex represents a com-
plex lithological formation, mainly formed
during the Upper Cretaceous Senonian Stage
(K.?), while the authors ofthe Basic geological
map of SFRY classified this lithological forma-
tion in the region of Montenegro as the forma-
tion from the transitional period between the
Upper Cretaceous and the Paleogene (K,Pg).
On the territory of Bosnia and Herzegovina,
this lithological formation is represented with
five superposition packages, which differ both
in lithological composition and in thickness of
the layers, as well as their rhythmicity.

The Durmitor flysch complex consists of the
layers of basal limestone breccias and con-
glomerates, limestone and siltstone, marly
limestone, marlstone and sporadic claystone.
These rock masses are characterized by specif-
ic engineering geological properties, which are
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conditioned by the heterogeneous lithological
composition. Therefore, this complex is charac-
terized by heterogeneous and anisotropic geo-
technical properties, which depend on the pre-
dominant lithologic members in the complex,
as well as spatial position of the superposition
bed packages.

Lithological heterogeneity also influenced the
heterogeneity of physical-mechanical proper-
ties and the behaviour of such environments
under the influence of static and dynamic loads,
i.e. in case of disturbance of primary geostatic
conditions in the terrain.

The lithologic members were deposited in spe-
cial sedimentary conditions and are therefore
found in form of the beds of various thickness-
es. They compose characteristic bed packages,
which intermittently and rhythmically alter-
nate.

Post-genetic tectonic activity caused folding
and faulting of these sediments, which addi-
tionally complicates defining of physical-me-
chanical parameters of these environments
and defining of geotechnical conditions for
construction of various types of objects in this
terrain.

Specific climatic conditions characterized by
high precipitation, as well as large temperature
oscillations, both within a day and during the
year, caused the formation ofnumerous river
valleys and other erosional valleys.As a result
of these activities, inter alia, various terrain
constructionswere formed and various types of
instabilities occurred.

In the surface areas of the terrain, landslides of
the consequent type are predominantly pres-
ent. The sliding surfaces are generally formed
at the contact point of the surface decomposi-
tion crust and the bedrock. Due to the fact that
these landslides are practically moving and
their activity is particularly manifested after
intense precipitation and sudden snowmelt,
problems with exploitation of the roads and
other construction objects built on these ter-
rains are evident.

On the valley slopes, primarily depending on
spatial position of the beds in the flysch pack-
ages, the conditions for formation of landslides
are created, with the sliding surfaces predis-
posed by interlayer surfaces.

RMZ - M&G | 2019 | Vol.66 | pp.001-012

The occurrence of instabilities of the rockfall
type is less frequent.

Mudslides,as contemporary geodynamic phe-
nomena with huge amounts of material tum-
bling into the riverbeds or erosional bases at
a high speed, have been recorded on two occa-
sions over the past 100 years.
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Abstract

Many problems in the analysis of natural terrain sur-
face shapes and the construction of terrain maps to
model them remain unsolved. Almost the whole pro-
cess of thematic interpretation of aerospace informa-
tion consists of a step-by-step grouping and further
data conversion for the purpose of creating a com-
pletely definite, problematically oriented picture of the
earth’s surface. In this article, we present application
of a new method of drawing 3D visibility networks
for pattern recognition and its application on terrain
surfaces. For the determination of complexity of 3D
surface terrain, we use fractal geometry method. We
use algorithm for constructing the visibility network
to analyse the topological property of networks used
in complex terrain surfaces. Terrain models give a fast
overview of a landscape and are often fascinating and
overwhelmingly beautiful works by artists who invest
all their interest and an immense amount of work and
know-how, combined with a developed sense of the
portrayed landscape, in creating them. At the end, we
present modelling of terrain surfaces with topological
properties of the visibility network in 3D space.

Key words: Network theory, complex pattern recogni-
tion, terrain surface analysis, modelling

POVZETEK

Obstaja mnogo nereSenih problemov s podroc¢ja anali-
ze oblik terenov naravnih povrsin in izdelavo njihovega
modela. Skoraj celoten proces tematske interpretacije
letalskih in vesoljskih informacij je sestavljen iz skupi-
ne po korakih in nadaljnje pretvorbe podatkov z name-
nom oblikovanja popolnoma dolocCene, problematic-
no usmerjene slike zemeljske povrsine. V tem c¢lanku
predstavljamo uporabo nove metode konstruiranja
3D omreZij vidljivosti za prepoznavanje vzorcev in
njeno uporabo na povrsinah terena. Za dolo¢anje kom-
pleksnosti 3D povrSine terena uporabljamo metodo
fraktalne geometrije. Uporabljamo algoritem omreZja
vidljivosti za analizo topoloskih lastnosti omreZij, ki
se uporabljajo na kompleksnih terenih. Terenski mo-
deli omogocajo hiter pregled pokrajine in so pogosto
ocarljiva in lepa dela umetnikov, ki vlagajo vse svoje
zanimanje in ogromno dela in znanja, skupaj z razvi-
tim obcutkom za predstavljene pokrajine pri njihovi
ustvarjanju. Na Koncu predstavljamo modeli povrsine
terena s topoloskimi lastnostmi 3D omreZij vidljivosti.

KLJUCNE BESEDE: Teorija omreZij, razpoznavanje
kompleksnih vzorcev, analiza povrsine terena, mode-
liranje
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Introduction

Network theory and graph theory are very use-
ful in Geography. Landscape network models
can be a useful tool (procedure) in landscape
aesthetic value management and spatial plan-
ning processes [1]. Visibility calculations [2]
are central to any computer graphics and geoin-
formation system (GIS) application. Visibility
graph analysis [3] is a spatial analysis tech-
nique that can also be applied to terrain sur-
face analysis. Existing or newly designed hous-
es, structures, quarters, etc. are considered as
peaks, and the connecting roads, engineering
networks, transmission lines, etc., are like ribs.
The process of creating terrain and landscape
models [4] is important in various computer
graphics and many visualisation applications.
Figure 1 presents a terrain surface. Terrain
surfaces [5] represent phenomena that have
definite values at each point along the entire
range of their extent. The values of an infinite
set of points on the entire surface are extract-
ed from a limited set of initial values. They can
be based on direct measurements, for example,
elevation height values or temperature values
for temperature surfaces. The values for the
surface between the measurement points are
assigned by interpolation. Surfaces can also be
mathematically calculated based on other data,
for example, surface slopes or exposures, de-
rived from terrain surface data, the surface of
distances from bus stops in a city or a surface,
showing the concentration of criminal activity
or the possibility of strikes.

In problems of transforming the terrain into
a project surface, mathematical methods are
often used. In modern conditions of design-
ing in real time or object-oriented design, the
solution of some problems is eliminated with
a geometric approach. This approach is called
geometric modelling. More and more popu-
lar are the methods of geometric modelling in
engineering design through computer model-
ling, since the solution to the problem acquires
a spatial, visual appearance. In the design
of the project surface relative to the terrain,
a mathematical method is applied to the input
data x, y, and z coordinates of discrete points
of the relief. Transformation of the relief into
the project surface requires a high-level engi-
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Figure 1: Terrain surface.

neer of the designer of mathematical skills that
complicate the design process. Determination
and selection of the optimal design surface
along the structural relief lines [6] are becom-
ing more and more in demand in the practice
of engineering design, as the design takes place
in real time and acquires a creative character.
In modern systems of engineering design such
as Compass, AutoCAD having input data on
the topographic surface, it is possible to con-
struct structural relief lines-profile and cross
sections, isolines, slope lines, watersheds, and
thalwegs [7]. All this is visualised in real time
and gives the widest possibilities for analysis to
a design engineer even of the middle class.

Consider an inclined line of an arbitrary flat
curve, which is the profile or cross section of
the relief. Having a number of such profile or
cross sections interspersed at a certain dis-
tance (Dx, Dy), we can represent the framework
model of the relief. The main task of the analy-
sis of the relief is to determine the general slope
of the terrain, and on the basis of it the design
surface is selected. At the word “geometry”, we
have cylinders, triangles, hypotenuses, bisec-
tors of corners, “find the area of a figure”, slate
boards, and breaking chalk from the depths of
memory. The problem is that everything that
comes to the mind is a language for describing
an extremely narrow set of phenomena of the
surrounding world. At home, sometimes, they
are close to a parallelepiped, but trees - not
the cylinders, the mountains are not cones,
but the shape of the cloud is incomprehensible
with what to compare. If we look closely, in the
world around us this school geometry (we will
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call it Euclidean) describes not so much. The
scientists asked this question for a long time,
but since they did not find a convincing answer,
they wrote down these forms as “disordered”,
“monstrous”, and “unexplored”. A global break-
through occurred only in the 1960-1970s, when
the French mathematician Benois Mandelbrot
invented and developed his theory of frac-
tals [8]. It was a new, fractal geometry, which
took for the object of research all that uneven,
broken, and rough that surrounds us (that is,
almost all). Mandelbrot found his wonderful or-
der in complex forms of nature. Machine learn-
ing [9] is a highly specialised field of knowledge
that is part of the main sources of technologies
and methods used in the fields of large data and
the Internet of things that studies and develops
algorithms for automated extraction of knowl-
edge from a raw data set, learning software
systems based on the data received, generation
of predictive and/or prescriptive recommen-
dations, pattern recognition, etc. Statistics [10]
is a science that uses many effective methods
(including the method of mass observations,
the method of groupings, and the method of
generalising indicators) for the achievement of
accurate results for the study of an object (sub-
ject, phenomenon, and process) and structur-
ing them in a form convenient for the subject
text, table, graph, and diagram with the subse-
quent analysis of the received data; the extract-
ed information forms a statistical vision of the
situation, the element of which is the object
under study. Statistics is a general theoretical
science (a complex of scientific disciplines) that
studies the quantitative side of qualitatively de-
fined mass socioeconomic phenomena and pro-
cesses, their composition, distribution, spatial
placement, and movement in time, revealing
the current interdependencies and patterns in
specific conditions of place and time. So, sta-
tistics is a branch of practical activity (“statis-
tical accounting”) for the collection, processing,
analysis, and publication of mass digital data
on various phenomena and processes of pub-
lic life. Modern information systems and tech-
nologies include a large number of procedures
that model or support data mining process. To
the simplest procedures any type of classifica-
tion quantitative data on given to users criteria,
more complex provide analysis scenes, pro-

cesses, phenomena for the purpose of selecting
objects with given characteristics or properties.
Procedures of this type are present not only
in analysis problems in aerospace images but
also when processing signals in technical sys-
tems, in medical diagnostics, biology, sociology,
banking business, and other areas of human
activity. As you expand sphere of application of
geoinformation technologies and complicating
procedures, geoinformation modelling proce-
dures for analysis and classification aggregates
of data, objects, and structures are very import-
ant in the new generation of GISs. For designing
any system of thematic analysis classification of
information objects and structures, its applica-
tion requires a specialist knowledge. Research
and development methods, algorithms, and
systems for solving such tasks on a computer
are engaged in a discipline called pattern rec-
ognition [11]. Our purpose in the present paper
is to investigate different topological properties
of visibility graphs in 3D space, which are be-
ing viewed as attractive alternatives in terrain
surface analysis. The aim of the study is to use
a visibility network algorithm for statistical
pattern recognition of 3D classification for the
prediction of complex terrain surfaces.

Materials and methods

A new algorithm for the construction of vis-
ibility networks in 3D space was presented
in the study by Stempien [12]. This algorithm
was used to analyse the topological properties
of a complex surface (Figurel). In the visibili-
ty graph in 3D space, we calculated topological
properties of the graph with the programme
Pajek [13]. To analyse the topographical prop-
erty of the terrain surface, we use the construc-
tion of the visibility graph in 3D space. Also, the
problem in visibility points that we can connect
together. In Figure 2, the problem of visibili-
ty network in 3D space is presented. Figure 3
presents the 3D surface and Figure 4 solution
for constructing visibility graphs in 3D space
for Figure 3.

We analysed a set of 22 randomly created ter-
rain surfaces (Appendix 1). For each terrain
surface, we constructed visibility graphs in 3D.
After that, we calculated topological properties
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Figure 2: Visibility points (black line) and unrelated points
(orange line).

Figure 4: Visibility network in 3D space for Figure 3.

of visibility graph in 3D for each terrain surface.
Topological properties can apply to the net-
work as a whole or to individual nodes and edg-
es. Some of the most used topological proper-
ties and concepts are # extremes, # edges, and
# k-core, All Degree Centralisation, Network
Clustering Coefficient, Average Degree, and tri-
adic census type 16-300 of visibility graphs in
3D for each terrain surface. We calculated sta-
tistical properties of topological properties of
the 3D visibility network of all 22 terrain sur-
faces. For the determination of complexity of
terrain surfaces, we use fractal geometry [14].

RMZ - M&G | 2019 | Vol.66 | pp.013-026

Figure 3: 3D surface.
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Figure 5: Five illustrative decision trees forming a (very small)
random forest for classification.

In fractal geometry, fractal dimension is the key,
which determines the complexity of an object.
Random forest (RF) [15] is one of the most
stunning machine learning algorithms invent-
ed by Leo Bryman and Adele Cutler in the last
century. He came to us in an “original form”
(no heuristics could not substantially improve
it) and is one of the few universal algorithms.
The universality consists, first, that it is good in
many tasks, second, that there are RFs for solv-
ing problem classification, regression, cluster-
ing, search of anomalies, selection of signs, etc.
RF is alot of decisive trees. In the task of regres-
sion, their answers are averaged, in the task of
classification the decision is made by voting for
the majority. Figure 5 presents five illustrative
decision trees forming a (very small) RF for
classification. We use parameters 30 fixed seed
for random generator and growth control, not
split subsets smaller than 5.

Babi¢ M, Huber m.A., Bielecka E, Soycan M, Przegon W, Gigovic L,
Drobnjak S, Sekulovi¢ D, Pogarcic I, Miliaresis G, Mikos M, Komac M.



X1

Figure 6: K-nearest neighbours.

Figure 7: Support vector method.

The K-nearest neighbours model [16] is a meth-
od of machine learning, which saves itself as the
knowledge of learning. For a given new exam-
ple, the algorithm finds a given set of learning
examples to the nearest, most similar cases
and estimates the probability distribution from
the relative distribution of these to examples
by grade. In the simplest variant of this meth-
od, the algorithm is compiled by the new case
as the class to which most of the closest neigh-
bours belong. The advanced method takes into
account the weighting of the impact of learning
examples on the classification of a new case by
distance. Figure 6 presents the k-nearest neigh-
bours method. We use parameters 2 neigh-
bours, Chebyshev metric and uniform weight.

The solution of the problem of binary classifica-
tion using the support vector method [17] con-
sists of finding a linear function that correctly
divides the data set into two classes. The prob-
lem can be formulated as the search for a func-
tion f(x) that takes values less than zero for
vectors of one class and greater than zero for
vectors of another class. As initial data for the
solution of the task, that is, search for the classi-
fying function f(x), given a training set of space
vectors for which they are known to belong
to one of the classes. The family of classifying
functions can be described in terms of the func-
tion f(x). The hyperplane is defined by the vec-
tor aand the value b, i.e. f(x) =a.x + b. As aresult
of solving the problem, i.e. constructing an SVM
model, a function is found that takes values less
than zero for vectors of one class and greater
than zero for vectors of another class. For each
new object, a negative or positive value deter-
mines whether the object belongs to one of the
classes. Figure 7 presents the support vector
method. We use v-SVM type with regression
cost (C) 1.05. Optimisation parameters, we use
100 iteration limit and numerical tolerance
0.002. We use Kernel (g x x x y + 0.15)*and g
was auto.

Results and discussion

In Table 1, the topological properties of 3D visi-
bility network are presented. Topological prop-
erties present input of predictive models of
complexity of terrain surfaces. We mark terrain
surfaces from T1 to T22. Column one presents
topological property # extremes, column two
presents topological property # edges, column
three presents topological property # k-core,
column four presents topological property All
Degree Centralisation, column five presents
topological property Network Clustering Coef-
ficient, column six presents topological prop-
erty Average Degree, and the last column pres-
ents topological property triadic census type
16-300. The last column presents complexity
of terrain surfaces. Terrain surface T22 has the
best topological properties of the 3D visibility
network, because T22 has maximal number
of edges, Network Clustering Coefficient, and
triadic census type 16-300. Terrain surface
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Table 1: Topological properties of the 3D visibility network and fractal dimension.

Network Triadic
SP  #extremes #edges #Kk-core All De_gre_e clustering Average census type _Fracte?l
Centralisation coefficient degree 16-300 dimension

T1 120823 3500351 16 0.00020627 0.364 6.675 4865624 2.7365
T2 125787 3308776 12 0.00019998 0.364 6.311 4191425 2.668

T3 123943 3335861 13 0.00017608 0.371 6.363 4267175 2.6871
T4 124833 3355735 13 0.00017319 0.379 6.401 4353872 2.7458
T5 124626 3314397 12 0.00016182 0.378 6.322 4212248 2.8065
T6 131540 3190001 12 0.00013725 0.364 6.084 3796016 2.4956
T7 126962 3311163 12 0.00017518 0.373 6.316 4196282 2.1664
T8 130799 3173601 12 0.00018496 0.36 6.053 3741603 2.4784
T9 123393 3355056 11 0.00016842 0.385 6.399 4256560 2.622

T10 126395 3386391 13 0.00015883 0.378 6.459 4483986 2.7426
T11 124296 3315948 11 0.00026577 0.367 6.325 4207031 2.6142
T12 123829 3355735 13 0.00017319 0.379 6.401 4353872 2.6982
T13 128143 3451450 16 0.00018446 0.352 6.583 4862060 2.6743
T14 122500 3685175 20 0.00027177 0.372 7.029 5877473 2.3634
T15 120818 3338595 11 0.00012649 0.386 6.368 4199754 2.5155
T16 116812 3733624 18 0.00020016 0.364 7.121 5848517 2.5342
T17 133031 3178192 12 0.00013822 0.36 6.062 3774789 2.6528
T18 130974 3182544 15 0.00014298 0.357 6.070 3819193 2.2996
T19 131043 3170121 13 0.00014205 0.359 6.047 3746658 2.6427
T20 95090 4151533 16 0.00010784 0.387 7.918 7284078 2.1693
T21 106916 5653616 33 0.00021764 0.363 10.783 1764141 2.1042
T22 86871 5735036 19 0.00015646 0.394 10.939 1466536 2.1332

T17 has a maximal number of extremes of the
3D visibility network. Terrain surface T14 has
maximal number of k-core and triadic census
type 16-300 of the 3D visibility network. Ter-
rain surface T11 has a maximal number of All
Degree Centralisation of 3D visibility network.
Table 2 presents statistical properties of topo-
logical properties of the 3D visibility network of
terrain surfaces. We calculated statistical prop-
erties such as mean, standard deviation, stan-
dard error, median, geometric mean, harmonic
mean, variance, skewness, Kurtosis, Fisher’s g1,
Fisher’s g2, coefficient of variation, coefficient
of dispersion, communality, area under curve,
mean direction (Theta), mean resultant length,
circular variance (V), circular standard devia-
tion (v), circular dispersion (Delta), von Mises
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concentration (Kappa), Phi Pearson’s Contin-
gency, Coefficient Tschuprow’s T, lambda B,
symmetric lambda, Kendall’s tau-B, Kendall’s
tau-C, and gamma of topological properties of
the 3D visibility network of terrain surfaces.
Terrain surface T21 has maximal # k-core.

Mostly, we have positive amount in Table 2 un-
less Skewness and Fisher’s g1 for # extremes,
average degree and triadic census type 16-300,
kurtosis for average degree and triadic census
type 16-300, Kendall’s tau-B, Kendall’s tau-C
and Gamma for # extremes, All Degree Central-
isation, average degree, and triadic census type
16-300. Terrain surface T5 has most complex-
ity. Terrain surface T21 has minimal complexi-
ty. This statistic measures the heaviness of the
tails of a distribution. The usual reference point
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Table 2: Statistical properties of topological properties of the 3D visibility network.

Network Triadic
# All Degree . Average
SP # extremes # edge k-core Centralisation clustering desree census type
coefficient g 16-300
Mean 121792 3599223  14.68 17586.41 3.71E+07  5.98E+08 4253132
Standard deviation  11531.35  714391.3  4.86 4048.007 1119925  1.64E+08 1201353
Standard error 245849 1523088  1.04 863.038 2387689  3.50E+07  256129.4
Median 124461 3346826  13.00 17319 3.69E+07  6.34E+08 4209640
Geometric mean 121194 3546497 14.14 17168.05 3.71E+07  5.49E+08 4055020
Harmonic mean 120509 3505535 13.75 1.68E+04 3.70E+07 4.45E+08 3790200
Variance 1.3E+08  5.10E+11 23.66 1.64E+07 1.25E+412  2.69E+16  1.44E+12
Skewness -1.89 2409759  2.60 0.8111144 0.3436712 -2.462485  -0.026658
Kurtosis 5.90 7454659  10.23 3.508959 2195798  8.01742 4.719475
Fisher's g1 -2.04 2.58979 279 0.8717122 0.3693466 -2.646456  -0.028649
Fisher's g2 4.03 5993685  9.52 09784921  -0.6906038 6.708983  2.517122
Coefficient of 0094  0.1984849 033 02301782  0.03020786 0.2743574  0.2824632
variation
Coefficient of 0.05 01024648 0.21 01684723  0.02531182 0.114327  0.1701942
dispersion
Communality 1.007201  1.000102  0.55 0.062183 0474759  0.964151  0.570508
Area under curve 2575577 7.46E+07 305.50 368764.5 7.78E+08 1.28E+10 9.04E+07
Mean direction 103.14 1783926 14.67 120.4838 157.2197  148.077 188.3852
(Theta)
Mean resultant 0.11 01746  1.00 0.0943 0.2903 0.3947 0.1533
length
C“C“laE\;’)a“ance 0.88 08254  0.00 0.9057 0.7097 0.6053 0.8467
Circular standard
ar s 11811  107.0477 474 124.5001 90.1178 78.124 110.9654
deviation (v)
Cireular dispersion 35 66 129282 0.01 48.9952 5.2048 2.7628 18.7855
(Delta)
von Mises
concentration 0.24 0.3546  146.45 0.1895 0.6069 0.8603 0.3103
(Kappa)
Phi 458 4.4721 2.83 44721 44721 4.4721 44721
Pearson's
contingency 097 09759 0.94 0.9759 0.9759 0.9759 0.9759
coefficient
Tschuprow's T 1 0.9879 0.79 0.9879 0.9879 0.9879 0.9879
Lambda B 1 09524 0.38 0.9524 0.9524 0.9524 0.9524
Symmetric lambda 1 09756  0.65 0.9756 0.9756 0.9756 0.9756
Kendall's tau-B -0.19 02338  0.28 -0.2165 0.026 -0.1126 -0.1558
Kendall's tau-C -0.19 02338  0.28 -0.2165 0.026 -0.1126 -0.1558
Gamma -0.19 0.2348  0.32 -0.2174 0.0261 -0.113 -0.1565
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Figure 8: The calculated and predicted surface terrain complexity.

in kurtosis is the normal distribution. If this
kurtosis statistic equals three and the skew-
ness is zero, the distribution is normal. Also, we
found positive significance between Kurtosis
and topological properties of visibility graphs
in 3D space of terrain surface. Pearson’s con-
tingency coefficient is a measure of association
independent of sample size. It ranges between
0 (no relationship) and 1 (perfect relationship).
For any particular table, the maximum possible
depends on the size of the table (a 2 x 2 table
has a maximum of 0.707), and so it should
only be used to compare tables with the same
dimensions. Also, in our result mostly topo-
logical properties have Pearson’s contingency
coefficient 0.97. Tschuprow’s T is a measure of
association independent of sample size. This
statistic is a modification of the Phi statistic so
that it is appropriate for larger than 2 x 2 ta-
bles. T ranges between 0 (no relationship) and
1 (perfect relationship), but 1 is only attainable
for square tables. In our result, mostly topolog-
ical properties have Tschuprow’s T = 0.98.

Calculated and predicted data are presented in
Table 3. The RF model presents a 6.28% devi-
ation from the measured data. The k-nearest
neighbours model presents a 6.88% deviation
from the measured data. The support vector
machine model presents a 6.82% deviation
from the measured data. The calculated and
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Table 3: Calculated and predicted data.

S ED P RF KNN P SVM
T1 2.7365 2.522 2.710 2.589
T2 2.668 2.470 2.545 2.617
T3 2.6871 2.683 2.545 2.625
T4 2.7458 2.592 2.673 2.621
T5 2.8065 2.538 2.530 2.619
T6 2.4956 2.460 2.537 2.596
T7 2.1664 2.678 2.645 2.705
T8 2.4784 2.601 2.552 2.546
T9 2.6220 2.612 2.558 2.646
T10  2.7426 2.730 2.697 2.650
T11  2.6142 2.563 2.590 2.462
T12  2.6982 2.668 2.721 2.649
T13  2.6743 2.644 2.722 2.573
T14  2.3634 2.463 2.564 2.462
T15 2.5155 2.535 2.590 2.694
T16  2.5342 2.460 2.537 2.596
T17  2.6528 2.425 2.422 2.384
T18  2.2996 2.572 2.587 2.563
T19  2.6427 2.425 2.422 2.396
T20  2.1693 2.554 2.610 2.396
T21  2.1042 2.366 2.481 2.407
T22 21332 2.258 2.439 2.400
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predicted surface terrain complexity is shown
in the graph in Figure 8.

Conclusions

The visibility graph problem itself has long
been studied in computational geometry and
hasbeen applied to various areas. Finally, in this
work the visibility network in 3D space, which
contains more information than the visibility
graph, has been used to analyse the terrain sur-
faces. Furthermore, we used the new method
of construction of the visibility graphs in 3D
space to describe the different terrain surfaces
for possible further applications in studies of
temporal and spatial landscape and/or terrain
changes and evolution [18]. The main findings
can be summarised as follows:

— We describe the different terrain surfaces by
using the topological properties of the visi-
bility graphs in 3D space.

— We present statistical properties of topolog-
ical properties of the 3D visibility network.

— We use method of machine learning to pre-
dict complexity of terrain surfaces.

— With topological properties of 3D visibility
network of terrain surface, we model com-
plexity of terrain surface.

— With statistical statistical properties of to-
pological properties of 3D visibility network
of terrain surface, we can better analyse and
understand complexity of terrain surfaces.

— With statistical properties of 3D visibility
network of terrain surface, we can better un-
derstand structure of terrain surfaces.

— Terrain surface with minimum complexity
has maximal #k-core.

Possible further testing of the proposed meth-
od in the field of landscape/terrain morpholo-
gy would be:

— Description of temporal changes resp. devel-
opment of a landscape/terrain using tempo-
ral changes in visibility graphs produced on
multitemporal LiDAR data [19].

— Application in LiDAR derived high-resolu-
tion topography for landform recognition
and analysis [20].

— Comparison of visibility graphs with other
techniques for analysing terrain texture [21]
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or landform recognition, such as for land-
slides [22].
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Abstract

The aeromagnetic data of Idogo, Southwestern Nige-
ria, have been used to study the lithology and to de-
termine the magnetic source parameters within Idogo
and its environs. Idogo lies between latitudes 6°30'N
and 7°00'N and between longitudes 2°30'E and 3°00'E.
The magnetic anomaly map, the regional geology, the
analytic signal and the local wavenumber were used to
identify the nature and depth of the magnetic sources
in the region. Data enhancement was carried out to de-
lineate the residual features relative to the strong re-
gional gradients and intense anomalies due to the ba-
sin features. The estimated basement depth using the
horizontal gradient method revealed depths ranging
between 0.55 km and 2.49 km, while the analytic signal
amplitude and local wavenumber methods estimated
depth to the magnetic sources to range from 0.57 km
to 4.22 km and 0.96 km to 2.43 km, respectively. Depth
computations suggested the presence of both shallow
and deep sources. The total magnetic intensity values
ranged from 3.1 nT to 108.3 nT. The area shows mag-
netic closures of various sizes in different parts of the
area trending West, with prominence at the centre and
distributed East-West.

Key words: aeromagnetic, analytic signal amplitude,
local wavenumber, total magnetic intensity, reduction
to equator

Povzetek

Aeromagnetne podatke iz Idoga v jugozahodni Nigeriji
smo uporabili za dolocitev litoloske sestave in ugotovi-
tev parametrov magnetnih virov na obmocju Idoga in
okolice. Obmocje leZi med Sirinama 6°30'N in 7°00'N
in dolZinama 2°30'E in 3°00'E. Za identifikacijo narave
in globine magnetnih virov smo uporabili karto magne-
tnih anomalij, karto regionalne geologije, analiti¢ne si-
gnale in lokalno valovno $tevilo. Ojac¢anje podatkov smo
izvedli z namenom omejitve vpliva rezidualnih vzorcev
glede na mocne regionalne gradiente in intenzivne ano-
malije, ki so posledica oblikovanosti kadunje. Ocenjene
globine podlage z metodo horizontalnih gradientov so
bile med 0,55 in 2,49 km, medtem ko so bile z metodo
amplitude analiticnega signala in lokalnega valovnega
Stevila ocenjene globine do magnetnih virov od 0,57
do 4,22 km in od 0,96 do 2,43 km. Izracunane globine
nakazujejo navzoc¢nost tako plitvih kot tudi globokih vi-
rov. Vrednosti celotne magnetne intenzitete se gibljejo
med 3,1 nT in 108,3 nT. Na ozemlju so vidne v razli¢nih
delih terena magnetne oblike raznih velikosti s Strlino
v sredi in smerjo vzhod-zahod.

Klju¢ne besede: aeromagnetika, amplituda analitske-
ga signala, lokalno valovno Stevilo, celotna magnetna
intenziteta, redukcija na ekvator
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Introduction

An aeromagnetic geophysical survey presents
the opportunity of carrying out comparative
surveys of very large areas and unreached ter-
rain within a short period of time, which makes
it cost-effective. Aeromagnetic survey is a pas-
sive [1] geophysical method because it requires
no energy source during data acquisition [2].
The investigations are based on the physical
properties of the Earth, which can be used for
the provision of solutions to various geological
problems and for the structural mapping of an
area. The Earth’s physical properties and the
formation of different rock types vary from one
area to another due to the composition of the
Earth [3]. The purpose of the magnetic survey
is to identify the deviations in the geomagnetic
field intensity from the local geology. Anomalies
are mostly caused by magnetisation contrast of
the sub-surface rocks [4], which occurs due to
changes in the quantity of magnetite in rocks.
In the realm of applied geophysics, anomalous
magnetisations might be associated with local
mineralisation, which is potentially of commer-
cial interest, or could be due to the sub-surface
structures that have a bearing on the location
of oil deposits [5]. Regional aeromagnetic study
of the anomaly map depicts the regional geo-
logical pattern and the structural features that
provide the background for explicit interpreta-
tion [4]. Mathematical modelling can be used
to deduce the shape, depth and characteristics
of the rock bodies, which are accountable for
the magnetic anomalies [6]. In sedimentary
rocks, the magnetic properties are usually in-
significant, due to low content of magnetic ma-
terial, while igneous and metamorphic rocks
usually display significant variations in the
aforementioned properties, which are helpful
in exploring the geological properties of the
bedrock. The Earth’s magnetic field is generat-
ed predominantly in the Earth’s core, which is
though complex in configuration but can be ap-
proached by a dipole field, such as that of a bar
magnet. Some materials develop an induced
magnetic field in the presence of an applied
magnetic field and thus become magnetised,
while others have remanent magnetisation or
residual magnetism. The interaction of such
fields with the Earth’s primary field produces
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the magnetic field at the Earth’s surface; thus,
magnetic data collected over an area can be
used to investigate the magnetic properties of
rocks, which reveal the sub-surface structure of
the area.

Asadi and Hale [7] applied the analytical signal
of the total magnetic intensities to delineate in-
termediate-composition magmatic rocks in the
Takab area of Iran. Chandler [8] used the sec-
ond vertical derivative enhanced-aeromagnetic
data, together with gravity data, to interpret the
geology of the poorly exposed central part of
the Duluth Complex. Experience from Finland
showed high degree of correlations between the
results from aeromagnetic data and geological
structure [9]. Results from the magnetic survey
of 1960 by Hunting Survey Limited across the
Ashanti Belt - comprising the mineral and rock
resources of Ghana - were quite satisfactory
[10]. Geological interpretation based mostly on
the magnetic maps was effective in segregating
lithologies, faults and fracture zones. El-Awady
etal. [11] carried out interpretation of the aero-
magnetic survey over the Fayum area, Western
Desert, Egypt, and obtained information about
the crystalline basement structure and local
structure in the sedimentary section. The anal-
ysis of the constructed magnetic map serves as
foundation for studying the structural pattern
of the basement complex and the surface struc-
tures. The aim of this study was to delineate the
sub-surface structure of the area under con-
sideration, hence deducing the lithology of the
area and estimate the depth to the basement
using horizontal gradient magnitude (HGM)
method, local wavenumber (LWN) method and
analytic signal amplitude (ASA) method.

Location and Geological Setting of
the Study Area

The study area is located between latitudes
6°30'N and 7°00'N and longitudes 2°30'E and
3°00'E, measuring about 3,025 km? (Figure 1).
It is located in the western part of Ogun State,
Southwestern Nigeria.

The study area falls in the Oshosun Formation,
which is one of the sedimentary formations
of the Dahomey (Benin) Basin. The Dahom-
ey Basin, which covers South-Eastern Ghana,
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Figure 1: Geological map of study area.

Togo, Benin Republic and Western Nigeria, is
an extensive sedimentary basin on the conti-
nental margin of the Gulf of Guinea [12,13].
The basin is a marginal pull-apart basin [14],
which developed in the Mesozoic Era due to the
separation of the African and South American
lithospheric plates [15]. The basin encloses an
extensive wedge of Cretaceous-to-recent sed-
iments, which sets towards the offshore [16].
The sediments of Oshosun Formation in the
western part of Dahomey Basin are underlain
by lower Cretaceous-to-Palaeocene strata:
Ise Formation, Afowo Formation and Araromi
Formation, which belong to the old Abeokuta
Group, and the Ewekoro Formation [17]. Over-
lying the Oshosun Formation are the old Ilaro
Formation, coastal plain sands and alluvial de-
posits. All the sedimentary sequences lie on the
crystalline Precambrian Basement Complex of
Southwestern Nigeria.

Materials and Methods

Data Acquisition

The dataset used in this study includes the
contoured aeromagnetic data obtained from
the Nigerian Geological Survey Agency. The
aeromagnetic data were obtained using a pro-
ton precession magnetometer with resolution

0.1 nT, at 80 m altitude, along the flight orien-
tation of NE-SW, with a flight line spacing of
500 m and tie line spacing of 5,000 m. The azi-
muth of the flight line direction was 135°, while
the azimuth of the tie line direction was 45°.
The geomagnetic gradient was eliminated from
the data using the International Geomagnetic
Reference Field (IGRF) of Epoch 2009. The map
of the study area was published on a scale of
1:10,000. The topography detail of the map
was based on 1:10,000 topography series of
the Federal Surveys of Nigeria. The average
magnetic inclination, magnetic declination and
magnetic field strength across the survey were
-13.0364°, -2.3844° and 32,896.0 nT, respec-
tively.

Data Processing and Gridding

The processing of aeromagnetic data for this re-
search involved the application of the enhance-
ment technique, the application of a gridding
routine and removal of the Earth’s background
magnetic field. Some corrections, such as back-
ground correction (aircraft, radon and cosmic
radiation), stripping, micro-levelling, as well as
removal of the diurnal variation of the Earth’s
magnetic field, aircraft heading, instrument
variation, lag error between the aircraft and the
sensor, and the inconsistencies between flight
lines and tie lines, were done by Fugro Airborne
Surveys Ltd., USA. The main software packages
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used for the processing and enhancement of the
airborne geophysical data were the Geosoft®
Oasis montaj 6.4, Surfer 13 and the US Geologi-
cal Survey (USGS) Potential-Field software.
Gridding interpolates the aeromagnetic data
from the measurement locations to the nodes
of a regular mesh and thereafter creates a new
and fundamentally different construct of the
data [18]. The data were gridded to a 55 m in-
terval using the minimum curvature technique
described by Briggs [19]. Once a grid was pro-
duced, it was displayed as an image (Figure 2).
The minimum curvature gridding technique
was applied to the aeromagnetic data, which
takes the randomly distributed survey data and
interpolates it onto a regular grid. The images
observed were spatially referenced to make
it visible in a geographic information system
(GIS) setting.

Enhancement of Aeromagnetic Data
Aeromagnetic data were enhanced by a collec-
tion of linear and non-linear filtering process-
es. Mathematical enhancement techniques [20]
were applied to a range of imaging routines to
visually enhance the properties of the selected
magnetic sources represented by geological
lithological features.

Significant concentrations of mineral deposits
are correlated with high-frequency magnetic
responses. High-pass and horizontal gradient
filtering were applied to the aeromagnetic data
to enhance the high frequencies and define
geological body edges. All the enhancement
techniques were performed with the Geosoft®
(Oasis montaj 6.4) and Surfer13. The MagMap
extension in Geosoft® was used on the magnet-
ic anomaly grid for the processing and applica-
tion of filters. The necessary filter was applied,
and the magnetic anomaly was displayed as an
image by means of the grid and the imaging de-
vice.

Reduction to Equator

Reduction to equator (RTE) is a useful and ef-
fective operation designed to transform a total
magnetic intensity (TMI) anomaly caused by
an arbitrary source into the anomaly that this
same source would produce if it were located
at the pole and magnetised by induction only
[21]. Reduction to pole (RTP) converts the mag-
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netic field from the magnetic latitude where the
Earth’s field is inclined to that field at a mag-
netic equator where the inducing field is verti-
cal [22]. When the field of the Earth is inclined,
magnetic anomalies caused by induction are re-
lated to their sources asymmetrically, but when
the Earth’s inducing field is vertical, the asso-
ciated anomalies would be directly over their
sources [20]. Fourier transform is applied to
transform the RTE from the space domain into
the wavenumber domain. The RTE operation in
wave number domain is expressed as present-
edin Eq. (1)

AcAp
(sinl +icoslcos(D —0))

Ap(u,v) = (D

where A (u, v) is the Fourier transform of these
observed magnetic data; A (u, v) is the Fourier
transform of the vertical magnetic field; / and D
are the inclination and declination of core field,
respectively; (u, v) is the wavenumber corre-
sponding to the (x, y) directions, respectively;
and Q = arctan(u/v) [22]. The RTE for low geo-
magnetic latitudes was applied to the magnetic
anomaly data. The method utilises an azimuth-
al filter in the frequency domain to minimise
directional noise initiated by the low geomag-
netic latitude [23]. The central coordinates of
the area were used in calculating inclination
and declination. The inclination, declination
and average total field of the study area were
-13.0364°, -2.3844° and 32,896.9 nT, respec-
tively.

Direct Detection of Structural Trends
Interpretation of the aeromagnetic survey could
be performed quantitatively or qualitatively. In
this study, the detection of structural trends
data aims to map the surface and the sub-sur-
face regional structures such as faults and con-
tact bodies; mineralisation was determined
qualitatively. The qualitative interpretation of
the shape and trend of magnetic anomalies was
conducted by a visual examination of the struc-
tural trends and characteristic features. Some of
these features [24] are the relative location and
amplitudes of the positive and negative contour
parts of the anomaly, the elongation and aerial
extent of the contour and the sharpness of the
anomaly as seen by the contour spacing.
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Estimation of Depth

Since magnetisation is primarily a tool for
sub-surface mapping, it follows that determi-
nation of the depths as well as other physical
properties of bodies causing anomalies is im-
portant for its application in geological explora-
tion. The depth to basement allows mapping of
the sub-surface and indicates the thickness of
the sediments. Areas underlain by sediments or
other sedimentary deposits may be regarded as
profitable depending on the depths.

The LWN Method

The LWN method, which is based on the exten-
sion of complex analytical signals, was used for
estimation of the magnetic depths. The original
LWN, also known as the source parameter im-
aging (SPI) method [25] works for two mod-
els: a 2-D sloping contact or a 2-D dipping thin
sheet. For the magnetic field M, the LWN is giv-
en by Eq. (2) [25]:

0°M OM _ 9*M oM
_0x0z dx __dx?* 0z

(G + (G

For the dipping contact, the maxima of K are
located directly over the isolated contact edges
and are independent of the magnetic inclina-
tion, declination, dip, strike and any remanent
magnetisation. The depth is estimated at the
source edge from the reciprocal of the LWN, as
shown in Eq. (3).

1
Depth(x=0) = —

kmax

K (2)

(3)

where K is the peak value of the local wave
number K over the step source. One more ad-
vantage of this method is that the interference
of anomaly features is reducible, since the
method uses the second-order derivatives. In
practice, the method is used on gridded data
by first estimating the direction of magnetic
field at each grid point. The vertical gradient
is computed in the frequency domain, and the
horizontal derivatives are computed in the di-
rection perpendicular to the strike using the
least-squares method.
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Analytic Signal Method

The absolute analytic signal magnitude is de-
fined as the square root of the squared sum of
the vertical and horizontal derivatives of the
magnetic field, as presented in Eq. (4).

powes = () + (50 + (3]

The advantage of this method of magnetic data
enhancement is that its amplitude function is
always positive and does not need any assump-
tion of the direction of body magnetisation [26].
In a manner identical to that used in the HGM,
peaks in the ASA are located. The maxima of the
analytic signal are used to detect the structures
responsible for the observed magnetic anoma-
lies over the studied area.

Spectral Analysis

Spectral analysis provides an opportunity for
calculating and interpreting the spectrum of
geophysical data. The spectrum analysis, is
a transformation of data from the time or space
domain to the frequency or wavenumber do-
main, respectively. The spectral depth method
is based on the principle that a magnetic field
measured at the surface can be considered as
the integral of the magnetic signature from all
depths [27]. The power spectrum of a surface
field can be used to identify the average depths
of the source ensembles [28]. The spectral anal-
ysis method provides the average depth value
to the top of the statistical ensemble of blocks
of anomalies. The discrete Fourier transform,
presented in Eq. (5), is a mathematical tool for
spectral analysis and is applicable to aeromag-
netic data [29].

N nmx b si nmx |,

f) =ag +nzl(ancos I + b, sin I ) (5)

The aeromagnetic data were divided into grids,
and the graph of the logarithm of spectrum ener-
gy against the frequency were obtained for each
block. Previous studies [30-32] have proposed
a two-step technique that can evaluate the bot-
tom depth (Z,) of the deepest magnetic sources
with the aid of the spectral analysis designed by
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Spector and Grant [28]. The first step of the 2-D
analysis is the determination of the depth to the
centre of the magnetic body (Z ), while the sec-
ond step is the calculation of the depth to the
top (Z) of the magnetised body. These depth
values of the magnetic sources are determined
from the slope of the log power spectrum fit.
The bottom depth, Z,, is then obtained from
these two depths by using Eq. (6) [32].

7,=27,-Z (6)

Results and Discussion

TMI Map Interpretation

The TMI variation of the aeromagnetic map of
Idogo and its environs ranges between 3.1 nT
and 108.3 nT, with a group of long-wavelength
anomalies in the NE-SW direction. The TMI
field of the area under consideration is present-
ed in Figure 2. The map reveals the existence
of a thick sediment cover that tends towards
the south-east. The TMI field variation reveals
two distinct magnetic structural trends of high
and low reliefs. The high side runs from the
north-western part to the south-eastern part,
while the low side runs from the south-western

part to the south-eastern part, having distinct
and different magnetic intensities. Presence of
long-wavelength anomaly in the TMI map (Fig-
ure 2) reveals that the study area is a sedimen-
tary basin, and a blanket of sedimentary rocks
covers the region.

RTE Approach

The effect of the application of reduction-
to-the-magnetic-equator filter is shown in Fig-
ure 3. The filtering process attempts to reduce
the low-latitude effect of the horizontal elon-
gated anomalies. It has been applied to pro-
duce the RTE map (Figure 3), which shows that
the correction in the asymmetries of the ob-
served anomalies had been minimised and the
anomalies are centred directly over the caus-
ative elongated bodies. The reduced-to-equator
magnetic intensity values range from 32.90 nT
to 72.2 nT. The reduced-to-equator map is
characterised by high frequency, small size,
weak intensity, sharp boundary and nearly ir-
regular-shaped anomalies, which are the effect
of near-surface sources, such as shallow geo-
logic units and cultural features within the area
under consideration.
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Figure 2: TMI map of the study area.
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Figure 3: RTE map of the study area.

Magnetic Source Location and Depth
Estimation

The magnetic sources location and magnetic
contact depth solutions were computed by the
HGM of the reduced-to-pole grid, the ASA of the
TMI grid, and the LWN of the TMI grid, with
a maximum standard error of 15%. Depths on
Sheet No. 278 (Idogo) are shown in Figures 4,
5 and 6, respectively. The results obtained in-
dicate that HGM records the highest number of
contacts, with 113 solutions at comparatively
deeper depths than do the other methods. The
solutions from the HGM and ASA functions are
comparable and better than the solutions from
the LWN method because the LWN uses second
derivatives, which makes it susceptible to noise
in the data. In each diagram, the centre of each
circle coincides with the location of the maxi-
mum for that function and the diameter of the

circle is proportional to the depth estimate for
the magnetic source point. A close examination
of the maps obtained by HGM, ASA and LWN re-
veal the differences in the diagnostic attributes
of the gradient functions.

The results obtained using HGM (Table 1)
showed that the estimated depth ranges from
0.55 km to 2.49 km, which implied that the lim-
it to shallow magnetic source depth is 0.72 km
and the limit to deep magnetic source depth is
2.94 km (Figure 4).

The results obtained using analytic signal meth-
od (Table 2) showed that the estimated depth
ranges from 0.57 km to 4.22 km, which implied
that the limit to shallow magnetic source depth
is 0.57 km and the limit to deep magnetic source
depth is 4.22 km (Figure 5). The lines in the cir-
cles (Figures 4, 5 and 6) indicate the direction
of strike, which suggest possible fault trend.

Estimation of Magnetic Contact Location and Depth of Magnetic Sources in a Sedimentary Formation
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Figure 4: Magnetic source depth estimated using the HGM (USGS Potential-Field software).

Table 1: Magnetic source depth parameters as Estimated by the HGM.

Serial no. Depth (km) Percentage error in depth Strike of contact
1 2.14 10.57 55.36
2 0.55 14.24 92.00
3 0.74 13.77 87.17
4 2.49 14.00 -83.30
5 1.20 9.96 88.90
6 1.32 8.57 83.20
7 1.70 3.29 101.78
8 1.23 6.66 93.88
9 1.22 12.09 87.40
10 1.00 9.91 91.32
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Figure 5: Magnetic source depth estimated using the analytic signal method (USGS Potential-Field software).
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Table 2: Magnetic source depth parameters as estimated by the analytic signal method.

Serial no. Depth (km) Percentage error in depth Strike of contact
1 3.49 10.19 -67.08
2 4.22 5.47 -60.25
3 2.17 8.22 80.96
4 1.76 4.55 99.52
5 1.17 6.82 114.50
6 0.57 14.65 95.98
7 4.04 8.72 -51.62
8 2.47 2.98 5.06
9 2.67 10.98 5.68
10 0.99 12.60 59.84
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Figure 6: Magnetic source depth estimated using the LWN method (USGS Potential-Field software).

Table 3: Magnetic source depth parameters as estimated by the LWN method .

Serial no. Depth % Error in Strike of Dip angle Pip Susceptibility
(km) depth contact azimuth contrasts

1 0.96 8.20 82.86 -7.14 485.25 0.00

2 1.91 13.23 79.04 -10.96 360.33 -0.003
3 0.99 13.66 81.43 -8.57 476.36 0

4 2.19 12.67 85.72 175.72 46.43 0

5 2.43 13.40 105.56 -164.44 160.93 0

6 2.14 13.99 100.67 -169.33 150.60 0

7 1.00 8.69 88.76 178.76 101.94 0

8 1.15 13.04 87.00 -3.00 394.13 0

9 2.26 5.16 83.83 173.83 158.71 0

10 1.15 13.04 87.00 -3.00 394.13 0
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LWN was applied on the gridded data of the
area under consideration. The results (Table 3)
show that the estimated depth ranges from
0.96 km to 2.43 km, which implied that the
limit to shallow source depth is 0.96 km and
the limit to deep source depth is 2.43 km (Fig-
ure 6), and the susceptibility contrasts ranges
from -0.001 to 0.001.

Conclusion

The study was carried out using the digitised
aeromagnetic data of the entire Idogo area and
its environs to map both the locations and the
depths of the magnetic source edges as an aid
to magnetic source interpretation. The data
were analysed using advanced and suitable
magnetic gradient interpretation techniques.
These techniques were applied to gridded digi-
tised data from aeromagnetic sheets that cover
the study area in order to demonstrate their ef-
ficiency and accuracy in mapping the magnetic
source edges.

These magnetic interpretation techniques in-
clude the RTP, ASA, HGM and LWN methods.
The phase-shift effect in the total magnetic
anomalies resulting from a non-vertical geo-
magnetic field vector was removed using RTP
filtering, in which the intended effect is to
move the anomaly peaks and gradients directly
over their magnetic sources to aid in the inter-
pretation.

The automated magnetic gradient interpreta-
tion methods were also used to estimate the lo-
cations and depths of magnetic sources. Since
each automated method makes different as-
sumptions about the magnetic sources, the use
of several interpretational techniques was ad-
opted to provide a reality check for the results.
HGM, ASA and LWN methods were adopted for
automatic estimation of the location and depth
of magnetic sources. The estimated basement
depth for Sheet No. 278 using HGM revealed
a depth range of 0.55-2.49 km, while the ASA
gave an estimated depth to the magnetic sourc-
es between the range of 0.57 km and 4.22 km.
The LWN method revealed an estimated depth
within the range of 0.96-2.47 km.

The location and depth to magnetic contacts
were estimated from the maxima of the HGM,

RMZ - M&G | 2019 | Vol.66 | pp.027-038

LWN and ASA functions of the total intensi-
ty magnetic data. The results of this study
showed that the estimates of the depth limit to
shallow magnetic contact obtained by the HGM
and LWN methods are relatively close and
comparable.
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Abstract

We assessed the effect of different land use types on the
physical and chemical properties of soil. We analysed
three cases. Nine soil samples were taken at different
depths (0-10, 10-20 and 20-30 cm) from three loca-
tions, namely, sawmill, dumpsite and market. Analyses
were carried out to determine the influences on the
physical and chemical properties of the soil. All the
land types had considerably high sand contents, with
minor silt and clay. Available phosphorus and the ex-
changeable bases were significantly (p < 0.05) affected
by land use and soil depth. Moisture content (p < 0.05)
was significantly affected by land use, while bulk den-
sity (p < 0.01) was significantly affected by soil depth.
Soil organic matter and carbon were also generally low
in all three locations. Consequently, ameliorative land
management practices have to be adopted to prevent
nutrient loss and land degradation.

Key words: land use, chemical properties, land degra-
dation, bulk density, soil nutrient depletion.

Povzetek

Raziskali smo vpliv raznih tipov uporabe zemljis¢a na
fizikalne in kemijske lastnosti tal. Analizirali smo tri
primere. Devet vzorcev tal smo vzor¢ili v razli¢nih glo-
binah, 0-10, 10-20 in 20-30 cm na treh lokacijah, z ob-
mocja zage, odlagalis¢a odpadkov in trznice. Namen
analize je bil opredeliti vplive na fizikalne in kemijske
lastnosti tal. Vsi trije tipi vsebujejo znatno kolicino pe-
ska in malo meljevca in gline. Uporaba zemljisca in glo-
bina statisti¢no znacilno (p< 0.05) vplivata na dostopni
fosfor in izmenjevalne baze. Na vlago statisti¢no zna-
¢ilno (p< 0.05) vpliva tip uporabe zemljis¢a, medtem
ko ima statisticno znacilen (p< 0.01) vpliv na celotno
gostoto tal globina vzorca. Organska snov in ogljik sta
v vseh lokacijah sploS$no nizka. Sledi, da je potrebno
s postopki melioracije omejiti izgubo hranil in degra-
dacijo tal.

Klju¢ne besede: uporaba zemljis¢a, kemijske lastnosti,
degradacija zemljiSc¢a, celotna gostota, osiromasenje
s hranili
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Introduction

Nigeria, the most populous country in Africa,
is faced with the evident problem of land deg-
radation and soil infertility. Over the years, in-
crease in population is leading to a noticeable
modification in land use patterns. Enhanced
land degradation processes have been attribut-
ed not only to rapid human population growth
but also to associated escalation of land use [1].
Population increase poses different number of
threats, including adequate food production,
management of soil resources, meeting the
challenges of intensive agriculture and adop-
tion of appropriate technologies for sustainable
agriculture production [2]. For successful soil
management, it is imperative to understand
the two determinant mechanisms, namely, the
chemical properties (soil fertility) and physical
properties of the soil. These properties are par-
ticularly important for both crop growth and
soil quality maintenance [3]. Soil fertility is in-
fluenced by both land use and soil management
practices, and it varies spatially from the field
to larger scale of regions. High-quality soils not
only produce better food and fibre but also help
to maintain natural ecosystems, air quality and
water quality [4].

A major indicator of the physical quality in agri-
cultural soils is the soil water retention capaci-
ty; this includes soil parameters such as organic
carbon content, dry bulk density, soil macrop-
orosity, soil matrix porosity, air capacity, plant
available water capacity and saturated hydrau-
lic conductivity (K_ ) [5].

Various studies have been conducted to assess
the effect of land use changes on physical and
chemical properties of soil in Nigeria [1, 6, 7].
The research is directed towards providing ad-
equate information on the effect of different
land use patterns on the physical and chemical
properties of soil in the study area.

Materials and methods

Description of the study area

The study was conducted in some selected parts
of Abeokuta; the capital of Ogun State. Abeoku-
ta lies between latitudes 7°00" N to 7°30’ N and
longitudes 3°00" E to 3°30" E [8]. The climatic
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condition of Abeokuta consists of high annual
temperature, lack of cold season, high precipi-
tation and low pressures.

Site selection, soil sampling and preparation
Planning, surveying and appropriate sampling
must be considered when measuring changes
in soil’'s chemical and physical spatial varia-
tion [4]. Soil samples were collected at different
soil depths (0-10, 10-20 and 20-30 cm) from
three different land areas (sawmill, market and
dumpsite) located at Lafenwa, Osiele and Saje
areas of Abeokuta (Figure 1). The samples were
placed in black, leak-proof sealed columns to
prevent evaporation and labelled accordingly.
After 72 hours of air-drying, the dried samples
were crushed and sieved using a 2 mm sieve.

Laboratory analysis

Laboratory analyses were carried out to deter-
mine the physical and chemical properties of
the soil. These properties include soil pH, soil
texture, bulk density, moisture content, hydrau-
lic conductivity, total nitrogen, organic carbon
and matter, available phosphorus (AvP), ex-
changeable bases (Ca, Mg, Na and K), exchange-
able acidity and cation exchange capacity.

The soil pH was measured in 1:1 soil-water
suspension using glass electrode pH meter
Soil texture was determined by the hydrome-
ter method [9] after destroying organic matter
and dispersing the soil using sodium hexamet-
aphosphate, as described earlier [10]. The core
method was used in determining the bulk den-
sity of the undisturbed soil sample after drying
a defined volume of soil in an oven at 105°C to a
constant weight. The bulk density was calculat-
ed as the ratio of the weight of oven-dried soil
to the volume of the sampling core. The mois-
ture content was calculated as the ratio of the
weight of wet soil to that of oven-dried soil mul-
tiplied by the bulk density. Soil organic carbon
was estimated using the wet oxidation method
[11] and converted to organic matter by multi-
plying the percentage of organic carbon content
by a factor of 1.724, assuming that organic mat-
ter is composed of 58% carbon [11].

The exchangeable basic cations (K*, Ca®*, Mg*
and Na*) were extracted with 1 M ammonium
acetate at pH equal to 7.0. The cation exchange
capacity (CEC) was calculated from the sum of
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Figure 1: Map of the study area showing sample locations.

all exchangeable cations, which was expressed
in centimoles (cmol) of charge per kilogram of
air-dried soil. The Bray method [12] was used
to determine the AvP. The soil samples were di-
gested in a Kjeldahl apparatus, and the amount
of ammonia trapped was determined to calcu-
late the total nitrogen in the soils [13].

339'52"

Railway [ Study Location

Data analysis

The univariate analysis of variance (ANOVA)
procedure of IBM SPSS Statistics 20.0 software
was used for assessing the significance of dif-
ferences in the soil parameters. Separation of
mean was done by the Tukey test after the main
effects were found to be significant at p < 0.05.
The analysis was done for each of the land use
types in nine combined treatments. Pearson’s
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correlation analysis was also computed to de-
termine the relationships between the various
physical and chemical parameters of the soil.

Results and discussion

Physical properties of soil

The results of the analysis of the physical prop-
erties of soil across the three land use types
located within the considered geological set-
tings (Figure 2) at different depths are shown
in Table 1. The particle size distribution data
showed very high sand contents. Sand, clay and
silt values were the same at all depths in the
sawmill. The percentages of clay content had no
definite sequence and did not follow a definite

Table 1: Physical properties of soil in the different land use types

pattern down the profiles in the dumpsite and
market place, while the silt content decreased
with depth in the dumpsite but was distributed
in irregular patterns in the market. The values
for bulk density increased with depth across
the three land use types. The values for saturat-
ed hydraulic conductivity (K_ ) were generally
low across the three land use types but with
no definite pattern down the soil profiles. The
moisture content increased with depth in the
market place, while it had no definite sequence
in the distribution down the profile at the saw-
mill and dumpsite.

The results of two-way ANOVA and the mean
values for the physical properties of soil across
the three land use types are shown in Tables 2
and 3, respectively.

Land use I;if:lt)h S(ao/r:;i ((::Z 37 Silt (%) TC (c::?h] BD) MC (%)
0-10 79.2 17.4 3.4 SL 0.901 0.69 6.20
Sawmill 10-20 79.2 17.4 3.4 SL 1.102 0.71 8.16
20-30 79.2 17.4 3.4 SL 0.987 0.76 4.96
0-10 77.2 17.4 5.4 SL 1.104 0.69 3.92
Dumpsite 10-20 79.2 16.4 4.4 SL 0.796 0.74 3.97
20-30 79.2 17.4 3.4 SL 0.876 0.77 3.47
0-10 81.2 17.4 1.4 SL 1.750 0.74 7.26
Market 10-20 79.2 15.4 5.4 SL 0.570 0.75 8.40
20-30 73.2 24.4 2.4 SCL 0.859 0.75 9.26

Notes: K = saturated hydraulic conductivity; TC = textural class; BD = bulk density; MC = moisture content; SL = sandy loam;

SCL= sar;dy clay loam.

Table 2: Two-way ANOVA result for the physical properties of soil in the selected land use types

MS F p-value Sig
Depth 1.333 0.182 0.840 No
Sand
Land use 4.00 0.545 0.617 No
Clay Depth 3.444 0.496 0.642 No
Land use 8.778 1.264 0.375 No
silt Land use 1.444 0.743 0.532 No
Depth 1.444 0.743 0.532 No
Bulk density Depth 0.0005 1.280 0.372 No
Land use 0.002 5.120 0.079 No
Moisture content Depth 15.478 11.547 0.022 Yes
Land use 1.005 0.750 0.529 No
Hydraulic conductivity Depth 0.014 0.105 0.903 No
Land use 0.155 1.195 0.392 No

Notes: MS = mean square; F = calculated value; p = probability; sig = significance.
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Figure 2: Geological map showing the rock type that underlies the sampling point.
Table 3: Mean values of the physical properties of soils in the selected land use types
Land use Sand (%) Silt (%) Clay (%) K_, (cm/h) BD (g/cm3) MC (%)
Sawmill 79.200 3.400 17.400 0.997 0.720 6.440
Dumpsite 78.533 4.400 17.067 0.925 0.733 3.787
Market 77.867 3.067 19.067 1.060 0.747 8.307
SEM (%) 1.563 1.521 0.805 0.208 0.012 0.863

Notes: K = saturated hydraulic conductivity; BD = bulk density; MC = moisture content; SEM = standard error of the mean.

The contents of sand, clay and silt were not sig-
nificantly (p > 0.05) affected by land use and soil
depths (Table 2). Considering the three land use
types, the highest mean value of sand (79.20%)
was recorded at the sawmill, while the lowest
mean value of sand (77.87%) was observed at
the market. This result is in agreement with
previous findings [14] that soil with sand con-
tent >70% is highly permeable and allows large
quantities of leachates to pass through. Silt frac-
tions were the highest (4.40%) at the dumpsite,
which may be due to the influence of organic
waste, as stated by Elias and Gbadegesin [15],
while its fractions were the lowest (3.07%) at

the market. In contrast, the highest clay content
(19.07%) was observed at the market place,
whereas its lowest content (17.067%) was ob-
served at the dumpsite (Table 3).

Bulk density was not significantly (p > 0.05) af-
fected by land use and soil depth (Table 2). This
may be due to differences in the organic matter
content of the sites, as recorded by Olsen et al.
[16]. Considering the mean values of the land
uses, the highest bulk density (0.75 g/cm® was
observed at the market. This may be because
of the frequent movement of people during
the market and normal days, which invariably
lead to an increase in soil compaction; the low-
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est value (0.72) was observed at the sawmill
(Table 3).

Moisture content was significantly (p < 0.05)
affected by land use but not by soil depth (Ta-
ble 2), while K_ was not significantly (p > 0.05)
affected by land use and soil depth (Table 2).
Considering the mean values of land use on hy-
draulic conductivity, the highest (1.06 cm/h)
was recorded at the market place and the low-
est (0.93 cm/h) was observed at the dumpsite
(Table 3). This result is in agreement with the
findings of Senjobi and Ogunkunle [1], who re-
ported low and no definite sequence distribu-
tion within the profile in the investigated land
use type.

Chemical properties of soil

The results from analysis of chemical proper-
ties of soils across the three land use types at
different depths are shown in Tables 4 and 5.
The contents of organic carbon and organic
matter followed no definite sequence down
the profile across the three land use types. The
AvP level decreased with depth across the three
land use types. The pH of sawmill and market
followed irregular patterns, while the pH for
the dumpsite increased down the profile. This
is in line with the study carried out by Mengistu
et al. [4], who reported that the pH of soils in
Warandhab area, Oromiya, Ethiopia, is affect-
ed by land use system and that it also increas-
es with depth. Exchangeable acidity increased
with depth in the market and dumpsite areas,
while it decreased with depth in the sawmill.
Total nitrogen decreased with depth in the saw-
mill, while it fluctuated irregularly with depth
in the dumpsite and market place (Table 4).
The effective CEC and exchangeable bases (Ca,
Mg, Na and K) decreased with depth in all three
land use types and were generally low in all
land use types. Calcium and magnesium dom-
inated the exchangeable complex in the three
land use types (Table 5).

Soil pH was significantly (p < 0.05) affected by
land use and not significantly (p > 0.05) affected
by depth (Table 6). The soil pH was significantly
higher (alkaline) in the dumpsite compared to
that at other locations, which might be due to
the presence of high inherent phosphorus con-
tents of the parent material (the older granite).
Considering the mean values of land use, the
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soil pH was observed to be the highest (9.23) at
the dumpsite and lowest (7.37) at the sawmill
(Table 7).

Exchangeable acidity was not significantly
(p > 0.05) affected by land use and soil depth
(Table 6). Considering the mean values of land
use, the highest value (0.27 cmol/kg) for ex-
changeable acidity was recorded at the dump-
site, while its lowest value (0.13 cmol/kg) was
recorded at the sawmill (Table 7).

Organic carbon was not significantly (p > 0.05)
affected by either land or depth (Table 6). The
mean values of land use on the variability of or-
ganic carbon were significantly higher (1.84%)
in the market place and lower (1.42%) at the
sawmill (Table 7). Organic carbon was general-
ly low in all the three land use types, which may
partly be due to the high temperature and high
relative humidity, which favours rapid mineral-
isation.

Organic matter had values that ranged from
1.42% to 1.84%, considering the mean values
of land use. Similar to organic carbon, organic
matter was the highestin the marketand lowest
at the sawmill (Table 7). It was not significantly
affected by land use and soil depth (Table 6).
AvP was significantly (p < 0.05) affected by land
use and soil depth (Table 6). The mean values
of land use on AvP were significantly higher
(44.37 mg/kg) for the dumpsite than for other
land use types. The lowest value (40.38 mg/kg)
for AvP was recorded at the market place (Ta-
ble 7). The content of phosphorus in all land use
types was high when compared with the ratings
for AvP [16]. The high phosphorus content in
the three land use types might be due to the
high phosphorus content of the parent material
(the older granites).

Total nitrogen was significantly affected by
land use (p < 0.05) but was not significantly
(p > 0.05) affected by soil depth (Table 6). Ni-
trogen contents were medium at the sawmill
and the market, but low in the dumpsite, when
compared with the ratings for total nitrogen
[17]. Intense mineralisation negatively affects
the total nitrogen content in soils [18, 19],
which may be the reason for the depletion of
nitrogen content in the dumpsite.

Calcium was significantly (p < 0.05) affected by
land use and soil depth (Table 8). Considering
the mean values of land use, the calcium con-
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Table 4: Chemical properties of soils across the three land use types and depths

Land use Depth (cm) OC (%) 3/01\/[) AvP (mg/kg) (IfZH 0) EA (cmol/kg) (I /l:)
0-10 1.756 3.027 45.21 7.2 0.2 0.199

Sawmill 10-20 1.197 2.084 42.36 7.6 0.1 0.188

20-30 1.317 2.269 38.45 7.3 0.1 0.170

0-10 0.519 0.894 47.21 8.9 0.2 0.119

Dumpsite 10-20 3.471 5.985 45.67 9.3 0.3 0.109
20-30 0.758 1.307 40.22 9.5 0.3 0.115

0-10 1.317 2.269 44.58 8 0.1 0.123

Market 10-20 3.192 5.503 40.36 7.9 0.2 0.151

20-30 0.998 1.719 36.21 7.7 0.3 0.144

Notes: OC = organic carbon; OM = organic matter; AvP = available phosphorus; EA = exchangeable acidity; TN = total nitrogen.

Table 5: Chemical properties of soil across three land use types and depth

Land use Depth (cm) Ca 8 Na K CEC
(cmol/kg) (cmol/kg) (cmol/kg) (cmol/kg) (cmol/kg)
0-10 0.538 0.481 0.348 0.372 1.551
Sawmill 10-20 0.518 0.446 0.283 0.321 1.939
20-30 0.502 0.421 0.239 0.289 1.568
0-10 0.524 0.469 0.370 0.449 1.551
Dumpsite 10-20 0.511 0.440 0.304 0.385 2.102
20-30 0.489 0.412 0.261 0.295 1.940
0-10 0.521 0.457 0.326 0.346 1.757
Market 10-20 0.503 0.423 0.283 0.308 1.750
20-30 0.467 0.403 0.239 0.269 1.717
Note: CEC = cation exchange capacity.
Table 6: Two-way ANOVA results of some chemical properties of soils in the selected land use types
MS F p-value Sig
Soil pH Depth 2.801111 47.12150 0.001658 Yes
Land use 0.041111 0.691589 0.552132 No
Exchangeable acidity Depth 0.013333 2.00000 0.250000 No
Land use 0.003333 0.50000 0.640000 No
Organic carbon Depth 0.129707 0.137959 0.875107 No
Land use 2.300031 2.446357 0.202326 No
Organic matter Depth 0.378277 0.136387 0.876395 No
Land use 6.877982 2.479849 0.199312 No
Available phosphorus Depth 12.03588 22.28408 0.006783 Yes
Land use 41.44148 76.72769 0.000645 Yes
Total nitrogen Depth 0.00393 18.66051 0.009371 Yes
Land use 3.08e 0.146136 0.868452 No

Notes: ANOVA = analysis of variance; MS = mean square; F = calculated value; p = probability; Sig = significance.

tents were the highest (0.52 cmol/kg) in the
sawmill and the lowest (0.50 cmol/kg) at the
market (Table 9). Magnesium was significantly
(p = 0.05) affected by land use and soil depth
(Table 8). The contents of magnesium in all the
three land use types were significantly different

from each other, which implies that the activi-
ties of the three land use types had significant
effects on magnesium. This result is in line with
a previous study [20], which stated that in-
crease in calcium and magnesium contents in
a sawmill is due to ashing from sawdust.
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Table 7: Mean values of some chemical properties of soils in the selected land use types

Treatments 0C (%) OM (%) AvP (mg/kg) pH (H20) EA (cmol/kg) TN (%)
Sawmill 1.423 2.460 42.001 7.367 0.133 0.186
Dumpsite 1.583 2.729 44.367 9.233 0.267 0.114
Market 1.836 3.164 40.383 7.867 0.200 0.139
SEM (%) 0.560 0.962 0.424 0.141 0.047 0.008

Notes: OC = organic carbon; OM = organic matter; AvP = available phosphorus; EA = exchangeable acidity; TN = total nitrogen;

SEM = standard error of the mean.

Table 8: Two-way ANOVA result for the exchangeable bases (Ca, Mg, Na and K) and CEC

MS F p-value Sig
. Depth 0.001317 33.95702 0.003094 Yes
Calcium

Land use 0.000374 9.647564 0.029484 Yes

Magnesium Depth 0.002454 412.8411 2.32E-05 Yes

8 Land use 0.000355 59.79439 0.001048 Yes

. Depth 0.007803 141.5948 0.000194 Yes

Sodium

Land use 0.000682 12.37702 0.019352 Yes

Potassium Depth 0.008218 16.40523 0.011808 Yes

Land use 0.003751 7.488743 0.044427 Yes

CEC Depth 0.056972 5.132951 0.078618 No

Land use 0.054687 4927053 0.083361 No

Note: MS = mean square; F = calculated value; p = probability; Sig = significance; CEC = cation exchange capacity.
Table 9: Mean values of the exchangeable bases and the CEC of soils in the selected land use type

Treatments Ca Mg Na K CEC
Sawmill 0.519 0.449 0.290 0.327 1.686
Dumpsite 0.508 0.440 0.312 0.376 1.933
Market 0.497 0.428 0.283 0.308 1.715
SEM (%) 0.004 0.001 0.004 0.013 0.061

Notes: CEC = cation exchange capacity; SEM = standard error of the mean.

Sodium was significantly (p < 0.05) affected by
land use and soil depth (Table 8). The sodium
content in the dumpsite was significantly dif-
ferent from that in other land use types, which
implies that the activities at the dumpsite had
a more significant effect on the sodium content
than the activities in other land use types. Po-
tassium was significantly (p < 0.05) affected by
land use and soil depth (Table 8). The exchange-
able bases were generally low in the three land
use types when compared with the ratings for
exchangeable bases [21, 22]. The depletion in
exchangeable bases may be attributed to leach-
ing of nutrients and weathering, which conse-
quently leads to inherent low fertility status.

RMZ - M&G | 2019 | Vol.66 | 039-050

The effective CEC was not significantly
(p > 0.05) affected by either land use or soil
depth (Table 8). The result of this study is in
line with the result of a previous study [23],
which showed that the CEC was the highest in
the dumpsites relative to the soils of fallow and
cropped lands.

Pearson’s correlation matrix for the various
physical and chemical properties of soil
Table 10 shows that sand was significantly
(p £ 0.01) and negatively correlated with clay,
with correlation coefficient r = -0.861, and sig-
nificantly (p < 0.01) negatively correlated with
clay, with correlation coefficient r = -0.86. Soil
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bulk density was significantly (p < 0.05) neg-
atively correlated with AvP. Moisture content
was moderately (p < 0.05) negatively correlat-
ed with soil pH, with r = -0.67. Soil pH was
significantly (p < 0.01) negatively correlat-
ed with total nitrogen, with r=-0.86. AvP was
significantly (p < 0.01) and strongly positively
correlated with potassium, calcium, magne-
sium and sodium, with r = 0.94, 0.85, 0.88 and
0.93, respectively. AvP was also significantly
(p < 0.05) positively correlated with the CEC,
with r = 0.77, which implies that as the AvP
increases, the contents of sodium, potassium,
calcium and magnesium in the soil increase, as
does the effective CEC.

Conclusion

It was observed that soil nutrients vary from
one land use type to another. The results of
this study suggest that the three land use types
have high sand contents. Findings from the
study revealed that soil properties, such as pH,
AvP, Ca, Na, K and TN, are influenced by land
use at the different depths considered. Soil nu-
trient depletion was also observed to be very
prominent across all the three land use types.
AvP and exchangeable bases (such as Ca, Mg,
Na and K) were observed to be significantly af-
fected by land use with respect to soil depth. It
was observed that the pH of the dumpsite was
very high/strongly alkaline compared to that at
the other land use types; this may be attribut-
ed to the high content of AvP in the dumpsite.
Nitrogen contents were generally low in the
dumpsite and the market place but were found
in medium quantities at the sawmill. Soil nutri-
ent depletion was observed to be predominant
in all the three land use types. Therefore, ame-
liorative land management practices must be
put in place to help prevent nutrient loss and
land degradation.
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Abstract

The study of the nature of distribution of natural radi-
oelements in Ilesha and its environs with its geological
structure has been studied using aeroradiometric data.
Aeromagnetic data have also been subjected to three
automated gradient techniques to delineate the sub-
surface structure of the study area. From the study, it
can be found that maximum values of “eU” (ppm) and
“eTh” (ppm) fall within the branded gneiss, where-
as the maximum value of K (%) falls within porphy-
ritic granite regions. eTh had the highest radioactive
content. The environmental dose rate of Ilesha was
between 0.1817 and 3.9296 msv/yr. Although there
were extreme values, but the mean dose rate was
0.522 + 0.310 msv/yr (within acceptable safe limit of
1.0 msv/yr). eU/K, eU/eTh and eTh/K ratios were an-
alysed for enrichment or depletion of radioisotopes.
eU/eTh >1 showed uranium depletion, while eTh >2
showed eTh enrichment. The magnetic intensity values
ranged from -79.41 to 140.93 nT. The horizontal gradi-
ent method (HGM) and analytic signal amplitude (ASA)
revealed that depth to magnetic sources ranged from
0.478 to 4.112 km and 0.348 to 2.551 km, respectively,
whereas local wavenumber (LWN) depth ranged from
0.478 to 5.48 km, which overestimated those compared
using HGM and ASA functions. The apparent suscepti-
bility ranged from -0.00325 to 0.00323 SI, showing that
ferromagnetic and diamagnetic mineral ranges control
apparent susceptibility in Ilesha.

Key words: Aeromagnetic data, Apparent Susceptibi-
lity, Background Radiation Doses, Ilesha, Radiometric
Data

Povzetek

Lastnosti porazdelitve naravnih radioaktivnih prvin in
geolosko zgradbo na obmocju Ilesha in okolice so pro-
ucevali z aeroradiometricnimi podatki. Za raziskavo
globinske geoloske zgradbe proucevnega ozemlja so
uporabili tudi aeromagnetne meritve po treh avtomat-
skih gradientnih metodah. Iz Studije sledi, da izkazujejo
najvisje vrednosti “eU” (ppm) in “eTh” (ppm) obmocja
izdankov gnajsa, najvecje vrednosti K (%) pa obmocja
porfiritnega granita. NajviSje so vrednosti radioaktiv-
nega eTh. Radioaktivna doza ozadja v Ileshiu se giblje
med 0,1817 in 3,9296 mSv/a. Nastopajo ekstremne
vrednosti, toda povprecna doza ozadja znasa 0,522 +
0,310 mSv/a (znotraj sprejemljive meje 1,0 mSv/a). Z
analizo razmerij eU/K, eU/eTh in eTh/K so ugotavlja-
li obogatitve ali osiromasenja radioaktivnih izotopov;
vrednost eU/eTh >1 nakazuje osiromasenje z uranom,
eTh, ki je ve¢ja od 2, pa obogatitev z eTh. Vrednosti ma-
gnetne intenzitete se gibljejo med -79,1 in - 140.93 nT.
Metodi horizontalnega gradienta (HGM) in amplitude
analitskega signala (ASA) nakazujeta globine do virov
magnetizma v razponih 0,478-4,112 km in ustrezno
0,348-2,551 km, medtem ko je razpon globin z me-
todo Local Wavenumber (LWN) od 0,478 do 5.48 km,
kar je precenjeno glede na rezultate HGM in ASA. Navi-
dezna susceptibilnost se giblje v razponu od -0.00325
do - 0.00323 SI, kar kaze, da je susceptibilnost v lleshu
odvisna od feromagnetnih in diamagnetnih mineralov.

Klju¢ne besede: aeromagnetni podatki, navidezna su-
sceptibilnost, radiacijske doze ozadja, Ilesha, radiome-
tri¢ni podatki
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Introduction

Since the time radioactivity has been discov-
ered, more efforts have been put into the study
of the environmental natural radiation [1]. Cal-
culations of equivalent doses from natural envi-
ronments have recently been possible through
ground and airborne gamma-ray surveys [2-4].
Air-borne gamma ray spectrometry measures
natural emission of gamma radiation from the
surface of the earth. Thorium-232 and urani-
um-238 decay series as well as potassium-40
are the natural radionuclides that are used for
estimating the abundance of thorium, uranium
and potassium in airborne radiometric surveys.
Having the image of gamma rays emanating
from the surface of the earth is as good as hav-
ing the surface geochemical map that shows
how radionuclides in rocks, soil, etc. spread [5].
Airborne geophysical survey has been a very
useful tool available to Earth scientists in inter-
preting geology of difficult terrain [6]. The broad
view of the Earth that the airborne geophysics
perspective provides has been well recognised
since the early days of balloon photography
and military reconnaissance [7]. Aeromagnetic
survey has proved essential in displaying the
spatial distribution and relative abundance of
magnetic minerals and nonmagnetic minerals
in the upper levels of the crust, which can help
in the visualisation of the geology and geologi-
cal structures of the upper crust of the earth [6].
The aim of this study was to use high-resolu-
tion airborne radiometric data of Ilesha to as-
sess and quantify naturally occurring radioac-
tive materials in order to estimate background
radiological doses of the area and correlate the
data with the geological map of the area to show
the distribution of the radioelements with ge-
ology. In addition, the aim of this study was to
use aeromagnetic data to estimate source pa-
rameters (source location, depth and apparent
magnetic susceptibility contrast) from the grid
in conjunction with the local geomagnetic field
parameters associated with the area under con-
sideration using automated magnetic gradient
techniques in accordance with [8].

Description and Geology of the Study Area

Ilesha is a popular town in Osun State, south
western Nigeria. This city serves as a major
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linked way to the northern, southern and east-
ern parts of Nigeria. The area has remarkable
agricultural potentials with production of ma-
jor food crops, which include but are not limit-
ed to oil palm, cocoa, pumpkin, cotton and cola
nut. Different minerals and most especially gold
in commercial quantities are also available.
Gold mining is one of the occupations of some
artisans in Ilesha and its environs. This kind of
activity has been identified with high concen-
trations of uranium [9]. The study cover area
located between latitude 7°30'N to 8°00°N and
longitude 4°30°E to 5°00°E. llesha and its envi-
rons lie within the basement complex (schist
belt) of southwest Nigeria, which is of Precam-
brian age [10,11]. In 1947 and 1957, [12] and
[13], respectively, suggested that the Nigerian
basement complex is polycyclic. This was con-
firmed by Hurley [14] who used radiometric
method to determine the age of the rocks. The
uniqueness of this terrain is evident by com-
plex coexistences of basement and sedimenta-
ry rock, and the contact between the two rock
types is often poorly defined. The basement
complex rocks of Pre-Cambrian age are made
up of older and younger granites, with the
younger and older sedimentary rocks (forma-
tion) of both tertiary and secondary ages. The
formation is pre-drift sequence of continental
sands, grits and silts (Figure 1).

In terms of structural features, lithology and
mineralisation, the schist belts of Nigeria show
considerable similarities to the Achaean green-
stone belts. However, the latter usually contain
much larger proportions of mafic and ultra-
mafic bodies and assemblages of lower meta-
morphic grade [11,15]. Rocks in this area are
structurally divided into two main segments by
two major fracture zones often called the Iwa-
raja faults in the eastern part and the Ifewara
faults in the western part [16,17]. The west-
ern part of the fault comprises mostly amphi-
bolites, amphiboles schists, metaultramafites
and metapelites. Extensive psammitic units
with minor metapelites constitute the eastern
segment. These are found as quartzites and
quartz schists. All these assemblages are asso-
ciated with migmatitic gneisses and are cut by
a variety of granitic bodies [11]. The rocks of
Ilesha district is broadly grouped into gneiss-
migmatite complex, mafic-ultramafic suite (or
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Figure 1: Geological map of llesha and its environs.

amphibolite complex), meta-sedimentary as-
semblages and intrusive suite of granitic rocks.
A variety of minor rock types are also related
to these units. The gneiss-migmatite complex
comprises migmatitic and granitic, calcareous

and granulitic rocks. The mafic-ultramafic suite
is mainly composed of amphibolites, amphibole
schists and minor meta-ultramafites made up
of anthophyllite-tremolite-chlorite and talc
schists. The meta-sedimentary assemblages,
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chiefly metapelites and psammitic units, are
found as quartzites and quartz schists. The in-
trusive suite consists essentially of Pan-African
granitic units. The minor rocks include garnet-
quartz-chlorite bodies, biotite-garnet rock, sy-
enitic bodies and dolerites [11,16,18].

Instrumentation and Data Collection

The airborne radiospectrometric and magnet-
ic data of Ilesha sheet number 243 on scale
1:50,000 were surveyed by the Nigerian Geo-
logical Survey Agency in 2009. The airborne
potential field data were acquired at a mean
altitude of 80 m with flight line separation of
400 m along the northwest-southeast direc-
tion. The aircraft travelled at the airspeed be-
tween 150 and 250 km/h, which covered the
entire area under consideration. The flight line
direction was in the direction 135° azimuths,
while the tie line direction was in 45°. The aver-
age magnetic inclination and declination across
the survey were -9.67° and -2.52°, respectively.
The geomagnetic gradient was removed from
the data using International Geomagnetic Ref-
erence Field (IGRF) of Epoch 2009. The flight
path was generally followed by the pilot of the
aircraft using a real-time differential Global Po-
sitioning System, which was also used to recov-
er the positions of each measurement and al-
low the precise and accurate positioning of the
survey data and integration with other spatial
data. These data had been prepared for sub-
sequent processing by digitising the maps in a
numeric format that permits the application of
interpolation (gridding) technique. Therefore,
they had been subjected to different techniques
of processing [19].

Airborne Radiometric Analysis

The distributions of the three natural radionu-
clides (equivalent concentrations of thorium
(eTh), equivalent concentrations of uranium
(eU) and equivalent concentrations of potas-
sium (K)) present in the study area have been
obtained using the surveyed radiometric data
(Figures 2-4, respectively). When weathering
occurs, it modifies the distribution and the con-
centrations of radioelements when compared
to the original bedrock [20]. These gamma
rays emitted from the surface are related to the
weathered materials and geochemistry as well
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as the mineralogy of the bedrock. The plots
of the radioelement ratios (eU/K, eU/Th and
eTh/K) are shown in Figures 5-7, respective-
ly. The composite image of the radioelements
combines all the three data, K (%), eU and eTh,
as shown in Figure 11. In order to verify the
environmental effects due to these natural ra-
dionuclides, the exposure rates, E (uR/hr), and
the equivalent dose rates, D(mSv/yr), were cal-
culated using the following equations, respec-
tively [19-22]:

E (uR/hr) = 1.505 K (%) +0.287eTh (ppm) 1)
+0.653 eU (ppm)

D(mSv/yr) = 0.0833 (2)
where eTh, eU and K are the equivalent concen-
trations of thorium, uranium and potassium in
part per million and K (%) is potassium in per-
centage. The plot of the environmental radio-
activity dose rates is presented in Figure 9. In
order to assess the trend of uranium migration
in the study area, uranium migration index was
calculated using Equation (3) as stated by [19]
and [23] and is plotted in Figure 10.

eTh

U__
Y735

(3)
The radiometric data have been statistically
treated, and the results are summarised in Ta-
ble 1.

Qualitative interpretation of airborne
radiometric data

The thorium equivalent concentration

contour map

The study area is enriched with some level
of thorium radioactivity, most especially the
northern through the southern central parts.
In Figure 2, these levels can be seen to be from
0.11to 5.22 (ppm), characterised by pegmatite/
schist geological formation, 5.22-9.14 ppm,
and quartzite/quartz schist geological forma-
tion, 9.14-18.59 ppm Undifferentiated schist
amphibolite meta volcanic with pegmatite
complex and 18.59-76.49 (ppm) characterised
by Branded Gneiss. There is a high anomaly in
this last range. The average value was found to

Okeyode I. C., Olurin O. T, Ganiyu S. A., Olowofela J. A.



8.0N

i sl s e i b s e il et N PND I 5

NWE B RNUINDDDNSNNMODOOOOO0 O= NGO AR OTN0 OWN

Scale 1:192691

?)n'4(0‘4\If.h—*mm—\-h‘sltol\)(ﬂm(ol\)b\lACHOG)NAAOOWOWWA(D@CD-N

OO UUIE TN UIO WO RIO OO U WD TN W W ONNN~NO O

Scale 1:152891

a0 se0 Mo o a0

)

OO0t == NN NI NN LI LR B B T

OL~OON WA UINOO—=NN WA UG~ O O=NWIRD O = WRDOWD

c

O O NI~ —= (O UILINO

~I~
~IIOONOOUT~NOOO—=ORNWHICUIO RN —=—=MHO—=00WUIO

OO DNOUTNEO—=—= 2220000

~IO»

(ppm)

Figure 3: Airborne radiometric uranium anomalies of the study area.
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Table 1: Summary of statistical results.

61

eTh el K Dose rate Composite/total counts
(ppm) (ppm) (%) (mSv/yr) (Ur)

Average 10.6 2.85 091 0.522 14.52
Minimum 0.11 0.1 0.15 0.182 2.27
Maximum 76.49 37.79 3.56 3.93 26.72
Standard 6.8 191 0.90 031 8.60
deviations

be 10.60 * 6.80, having the minimum value of
0.11 ppm and the maximum value of 76.49 ppm
(Table 1); one of the stable thorium minerals
was monazite, which could be assumed to be
present [19].

The equivalent concentration uranium

contour map

From the equivalent concentration uranium
contour map in Figure 3, it can be found that
there were relatively four levels of radioactivity
with characteristic geological representation of
undifferentiated schist amphibolite meta-vol-
canic with pegmatite complex and quartzite/
quartz schist for levels between 0.08 and 1.35,
granite gneiss/porphyritic granite for levels be-
tween 0.10 and 2.57, schist/branded gneiss for
levels between 2.57 and 4.93 and lastly, brand-
ed gneiss for the level with the highest value of
equivalent uranium radioactivity between 4.93
and 37.79 ppm, which was in agreement with
the earlier work by [19]. There is a high dif-
ference in this last range. The average value of
equivalent uranium concentrations in the study
area from Table 1 is 2.85 + 1.91, ranging from
0.10 to 37.79 ppm; it could be assumed that zir-
con mineral may be present in these areas since
itis a stable uranium mineral.

The potassium % contour map

The plot of the distribution of potassium (%) in
the study area shows that the area is enriched
with potassium (%), which corresponds to por-
phyritic granites in the geological map of the
area. Some parts such as the northwest, north-
east and south are also relatively rich in it.

The levels of this radioactivity from the contour
map in Figure 4 were shown to be from 0.15
to 0.30, 0.30 to 0.54, 0.54 to 1.94 and 1.94 to

3.56, which corresponded to geological repre-
sentations of banded gneiss, undifferentiated
schist amphibolite meta-volcanic with pegma-
tite complex, granite gneiss and pegmatite/
quartz vein and the highest porphyritic granite
formations, respectively. The average value of
potassium (%) in the study area found from Ta-
ble 1is 0.91 * 0.90%, having a minimum value
of 0.15% and a maximum value of 3.56%.

The contour map of eU/K ratio

The contour map of eU/K ratio shown in Fig-
ure 5 reveals that the area has eU/K ratio >1 in
almost all the study areas except at porphyritic
granite areas where the values are < 0.8.

The contour map of eU/eTh ratio

Looking at the contour map of eU/eTh ratio
(Figure 6), it was noticed that the radioactive
level of eTh was higher than that of eU, as the
ratios are less than 1. eU/eTh ratio dominates
the western part with characteristic geology of
pegmatite/quartz vein, granite gneiss, meta-
diorite and some parts of schist zones and also
a few places in the eastern part with character-
istic feature of migmatite representations. The
ratios of eU/eTh are lowest around the central
parts (undifferentiated schist amphibolite me-
ta-volcanic with pegmatite complex).

The contour map of eTh/K ratio

Figure 7 shows that there are more eTh con-
tents than potassium contents. It can be seen
that the values decrease where there are high-
est contents of potassium at the porphyritic
granite areas, whereas the ratios are high at
granite gneiss, banded gneiss, undifferentiat-
ed schist amphibolite meta-volcanic with peg-
matite complex and some parts of quartzite/

High resolution airborne radiometric and magnetic studies of ilesha and its environs, southwestern Nigeria
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quartz schist geological representations. These
areas are enriched in thorium.

The contour maps of K/eU, K/eTh and eTh/

eU ratios

The ratios of eTh/eU, K/eU and K/eTh are
shown in Figures 8-10, respectively. In Fig-
ure 8, the theoretically expected ratio of thori-
um to uranium for normal continental crust is
approximately 3.0, which shows that no signif-
icant fractionalisation occurs during weather-
ing and there is no involvement in metasomat-
ic activity of the radioelement. Figure 8 also
shows that uranium leaching occurs. Potassium
abundance is measured directly as gamma rays
are emitted when 2°K decays to argon, uranium
and thorium and cannot be measured directly.
The granitic rocks with little soil cover could
be easily identifiable with high concentrations
of K and Th, whereas the same granitic bodies
with thick soil cover show negative anoma-
lies than the granitic terrain. The value of the
ratios of eTh/eU, K/eU and K/eTh ranges be-
tween -1.571 and 14.793,-0.191 and 1.924 and
0.0135 and 0.3593, respectively.

The composite (total count) contour map of the
radioelements (Ur)

The composite image of the radioelements
combines all the three data, K (%), eU and eTh,
in Figure 11; this is also the total count contour
map. At the lower part of the porphyritic gran-
ite around Imesi Ile and Ilare, a high concentra-
tion of the three radioelements is shown. eU, K
and eTh occur at high concentrations in fresh
granite soil and in granite soil where clay layers
are close to or exposed at the surface [24].

The northwestern region through southwest-
ern parts shows more thorium, the northeast-
ern region through the middle region shows
more potassium contents and towards the ex-
treme northwest and some parts of the south-
south, uranium contents are dominated.

The average total count in the study area is
14.52 + 8.60, with the minimum value of 2.27
and the maximum total count (Ur) of 26.76.

Equivalent dose rates of the study area

The study to determine environmental dose
rates in Ilesha was carried out using Equations
(1) and (2) in order to quantify the radiological

RMZ - M&G | 2019 | Vol.66 | pp.051-074

relevant doses to ascertain that the environ-
ment of the study area does not pose any harm
to the public. Figure 12 shows the contour map.
The areas with high environmental dose rates
fall within the granite gneiss, banded gneiss
and some migmatite areas with some relative-
ly high dose rate areas around the porphyritic
lithological areas. The areas with low environ-
mental doses fall within undifferentiated schist
amphibolite meta-volcanic with pegmatite
complex and some parts of quartzite/quartz
schist areas. It has been known from studies
that igneous rocks of granite compositions are
really enriched in thorium and uranium con-
tents compared to rocks of ultramafic or ba-
saltic composition [25]. Some shales and phos-
phate rocks too are exceptions [26].

The range of the dose rates calculated in the
study is between 0.1817 and 3.9296, having an
average value of 0.5222 + 0.3106 mSv/yr. Plac-
es like Imesi lle, Ilare, Idi-Aba, Tonkere, Ipole,
Kewo, Iree, Odo-Igba, Boluwaduro and Ikogosi
are around the high dose rate areas. This could
be attributed to the outcrops in the area since
outcrop areas are known to have high back-
ground radiations as a result of the basement
complex rock formation. These areas are still
comparable with places that are known to have
high background radiations such as Abeokuta
and Jos in Nigeria [27,28]. The average dose
rate for the study area is still below the recom-
mended safe limit of 1 mSv/yr for natural ra-
diation sources in the environment [26]. The
areas with anomalies should be subjected to
further studies using other techniques.

The contour map of uranium migration index
(ppm)

The uranium migration index was calculated to
study the migration of uranium into and out of
the different geological regions’ migration in-
dex. There was depletion of uranium along the
fault line of undifferentiated schist amphibolite
meta-volcanic with pegmatite complex around
Dumuye village as shown in Figure 13 and also
mostly around the centre of the study area
with characteristic geology of quartzite/quartz
schist. The areas with negative values of urani-
um trends from northwest to southwest with-
in the area under consideration majorly have
uranium deposition as these regions have pos-
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itive values of the index. Schist, granite gneiss,
branded gneiss and few parts of undifferentiat-
ed schist amphibolite meta-volcanic with peg-
matite complex fall under these regions, with
places such as Ora, Igbona, Idi-Aba, Tonkere,
Bara, etc.

Magnetic data processing

Airborne magnetic data were subjected to mag-
netic automated gradient technique in order to
emphasise magnetic features from sources in
both shallow and deep geologic environments.
The purpose of the enhancements was to trans-
form anomalies into forms that can be directly
compared with important rock mineralogical
properties. This process correctly positioned
anomalies over their causative sources, in-
creased the resolution of small-scale anomalies
related to near-surface magnetic sources and
converted data to a model of magnetic suscep-
tibilities for comparison with rock mineralogi-
cal properties.

Horizontal Gradient

The horizontal gradient method (HGM) is in
many ways the simplest approach to estimat-
ing contact locations and depths. It requires
the greatest number of assumptions about the
sources but is the least susceptible to noise
in the data, because it only requires calcula-
tion of the first-order horizontal derivatives
of the magnetic field. If T(x, y) is the magnetic
field, then the horizontal gradient magnitude
HG(x, y) is given as follows:

woes - () + () + ()

This function peaks over magnetic contacts un-
der the following assumptions: (1) the regional
magnetic field is vertical, (2) the source magne-
tisations are vertical, (3) the contacts are ver-
tical, (4) the contacts are isolated and (5) the
sources are thick. Violations of the first four as-
sumptions can lead to shifts in the peaks away
from the contacts. Violations of the fifth as-
sumption can lead to secondary peaks parallel
to the contacts. In order to partially satisfy the
first two assumptions, it is usually necessary
to perform transformation known as pseudo-

(4)

gravity on the observed magnetic field. Crests
in the horizontal gradient magnitude can be
located by passing a small 3 x 3 window over
the HGM grid and searching for maxima [29].
The 1997 programme HDEP [30] used a similar
approach within a 5 x 5 window to both locate
the crests and determine their strike direction.
Once a crest is located and the strike direction
is known, data within the window and within
a belt perpendicular to the strike can be used
to determine the depth of the contact by per-
forming the least-squares fit method to the the-
oretical shape of the HGM over a contact. If h is
the horizontal distance to the contact, d is the
depth to the top of the contact and k is a con-
stant, then the theoretical curve is given by the
following equation [31]:

k

HG(h) = 17052

(5)
The least-squares fit method gives an estimate
of both the depth and its standard error, which
can be expressed as a percentage of the depth.
Typically, only depth estimates with standard
errors of 15% or better are retained in the final
interpretation. The HGM is relatively insensi-
tive to noise in the data and interference effects
between nearby sources.

Analytic signal amplitude (ASA)

Analytic signal (AS) is a transform formed
through the combination of horizontal and ver-
tical gradients of a magnetic anomaly. In 1972
and 1974, Nabighian [32,33] involved the con-
cept of the AS for magnetic interpretation and
showed that its amplitude yields a bell-shaped
function over each corner of a 2D body with po-
lygonal cross-section.

AS is defined as
A )_dT_+dT,+di 6
OV =t dy] dz (6)

where i, j and k are unit vectors in x, y and z
directions, respectively. The real and imaginary
parts of its Fourier transform are horizontal
and vertical derivatives of T.

In the frequency domain, the amplitude of the
AS of the total magnetic field T is calculated
from the three orthogonal derivatives of the
field [34]. The absolute value or amplitude A
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of the simple AS is given by the following equa-
tion:

1/2

aen=|(@) + () +(@] o

Equation 7 shows that the location of the source
in the horizontal plane can be deduced from the
peak position of the amplitude of the AS and
the source depth can be estimated as the half
width of the half maximum of the amplitude of
the AS. This function acts as envelope of all pos-
sible phase shifts of an observed anomaly and
peaks over magnetic contacts, regardless of the
regional magnetic field direction, the source
magnetisation and the dip of the contact. It was
pointed out by Roest et al. [35] that depth can
be estimated from the shape of the AS based on
non-linear curve fitting; solving the non-linear
problem is always difficult. The contact depth
model can therefore be calculated from the AS
using the 2D expression of the AS magnitude for
a model given by the following equation [36]:

k

AS(x) = T
(x2+z%)2

(8)

where k is the magnetisation constant and z the
depth to the top of contact.

Local wavenumber (LWN) method

The phase angle is defined as the angle between
the vertical derivative and the absolute value of
the total horizontal derivative of the potential
field data, which in edge detection context is
termed as tilt angle [37]. In this study, we an-
alysed depth estimates derived using the LWN.
The determination of the local phase (LP) and
LWN for grid-based data have been made eas-
ier using the methods reported by Fairhead et
al. [38] and Verduzco et al. [39]. In 1965, Brace-
well [40] defined f (the local frequency) as the
rate of change of LP with respect to x. Thus, f
can be expressed mathematically as given in
the following equation:

13 oT

_ ~1|0z

f= 2nox o |or ©)
0x
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Defining the LWN in terms of frequency,
k=2nf 9)

Substituting Equation (9) into Equation (10)

leads to the following equation:

I = 1 (02T T 9T OT 10)
A2 0x2 dz (

For gridded data, it has been shown by Huang
and Versnel [41] that the wavenumber is given

by

1
k= ——
TZ + T2 + T2

T
X{H[Ex—ngjg(E-Hx+7}ﬂhJ](1U

T,
+T, [Txy - szTTyz(Tx * Ty + T, *'Tyy)]}

By considering a sloping contact, the expres-
sions for the vertical and horizontal gradients
as defined by Nabighian [32] are given by

oT
— = 2sFcsind
0z

x cos(2] —d —90) — hsin(2] —d — 90)

h2 + x2 (12)
oT
— = 2sFcsind
0x
hcos(2I —d —90) — xsin(2] —d — 90) (13)

h? + x2

where s is the susceptibility contrast, F the
magnitude of the ambient field, , a the ambient
field declination, I the inclination of the ambi-
ent field, d the angle of dip of the body and h the
depth to the top of the contact.
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Substituting Equations (12) and (13) into
Equation (10), we have Equations (14), (15)
and (16), which are the required source param-
eters, namely, magnetic contact depth, local dip

and local susceptibility, respectively.
k= h 14
" h? +x2 (14)

Let x = 0 and the peaks coincide with the edges
of the bodies, then local depth can be written as

1

=— [8] (15

=7 181(15)

and

K=¢ (16)
k2kcSind

Magnetic data interpretation

According to Poirier [42], the main use of
high-resolution airborne magnetic maps and
their derivatives in mineral prospecting is to
make geological deduction from them. The to-
tal magnetic intensity grid was created using
a minimum curvature gridding algorithm with
a grid cell size of 50 m. The grid values fit the
profile data to within 1 nT for 99.98% of the
profile data points. The average gridding error
is well below 0.1 nT. The total magnetic inten-
sity map of the gridding of sheet number 243 is
shown in Figure 12.

From the range of magnetic intensity values of
these data, information on subsurface litholo-
gy, trend and geological structures can be ob-
tained. Quantitative interpretation approach
was adopted for the mapping of basement to-
pography around Ilesha, southwestern Nigeria,
with the aim of establishing depth to basement
in the basement complex. The total magnetic
field intensity map of Ilesha and its environs
is presented in Figure 14. The total magnetic
field intensity map indicates high magnetic in-
tensity values in the north, west, northwestern,
southeastern and the central part of the area
under consideration (Imesi Ile, Ilare, 1di-Aba,
Tonkere, Ipole, Odo, Odo Ibga and Ikogosi).
The total magnetic intensity value of the field
ranged from —79.41 to 140.93 nT with a range
of 220.34 nT between the lowest and highest
intensity points, suggesting contrasting rock
type in the study area. Regions of magnetic lows
(low-amplitude magnetic anomaly) and highs

65

(high-amplitude magnetic anomaly) are appar-
ently revealed on the magnetic map (Figure 15).
The northern and western regions of this map
are characterised by relatively high-amplitude
magnetic intensity values (16.93-140.93 nT)
with intrusion of low magnetic intensity sig-
nature that coincides with ferruginous quartz-
ite and the Precambrian crystalline basement
rocks of southwestern Nigeria on the surface
geological map (Figure 1), whereas the south-
eastern area with relatively low-amplitude
magnetic intensity values (-79.41-2.58 nT) co-
incides with relatively thick sedimentary cover,
where the effect of the thick weakly susceptible
materials masks the high magnetic susceptibil-
ity from relatively deep basement rocks.

Figure 15 shows the effect of the application of
reduction to the magnetic equator filter opera-
tion, the filtering attempts to centre some of the
wrongly horizontally elongated anomalies due
to low latitude effects. The reduction to equa-
tor (RTE) map shows that the correction in the
asymmetries of the observed anomalies had
been minimised, and it centres the anomalies di-
rectly over the causative elongated bodies. The
reduction in magnetic intensity values of the
equator map ranged from —64.62 to 133.09 nT.
The reduction to the equator map is character-
ised by high frequency, short wavelength, small
size, weak intensity, sharp low amplitude and
nearly irregular-shaped anomalies, which may
be due to near-surface sources, such as shallow
geologic units and cultural features.

The second vertical derivative filter was applied
to the airborne magnetic data of the study area
to improve local anomalies obscured by broad-
er regional trends. It accentuates short-wave-
length components of the anomaly field, while
de-emphasising long-wavelength components.
The output of its application in the study area
is shown in Figure 16.

AS map of Ilesa (Figure 17) was derived from
AS grid computed from 1st-order vertical de-
rivative values of two horizontal gradients and
one vertical gradient of the magnetic intensity
of the sheet number 243. AS map of the study
area (sheet number 243) shows the amplitudes
of the magnetic signature. Prominent high-am-
plitude AS anomalies are apparent on the AS
map. The analytic function acts as the envelope
of possible phase shift of the observed anomaly
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and peaks over magnetic contacts. The AS map
also shows the attenuation of shallow sources.
Some regions in the map are characterised by
very high amplitude, which reflects lithological
variation in magnetic basement, while some
parts of the study area is dominated by low
amplitude and indicates presence of thick sed-
iment covering the weathered basement. The
magnitude of amplitude of magnetic gradient
intensity ranges from 0 to 2.8 nT/km.

The sources’ location and magnetic contact
depth solutions were computed by HGM of RTE
grid, ASA of total magnetic intensity grid, and
local wavenumber (LWN) of total magnetic in-
tensity grid using a maximum standard error of
15%. Depths on sheet number 243 (Ilesha) are
shown in Figures 18-20, respectively, for HGM
of RTE grid, ASA, and LWN.

The HGM assumes that the sources are isolated
vertical contacts separating thick geologic units
and that the magnetisation vectors are collin-
ear with the geomagnetic field vector. Peaks in
the horizontal gradient magnitude of the RTE
magnetic field indicate the location of the con-
tacts and estimate their strike directions in
the depth map as shown in Figures 18-20. In
addition, peaks in the ASA and LWN, which is
derived from the first horizontal and vertical
derivatives of the observed magnetic field, in-
dicate the location of the contacts and estimate
their strike directions.

The results obtained indicate that HGM records
the highest number of contacts with 113 solu-
tions at comparatively deeper depths than oth-
er methods. The results obtained from the HGM
revealed depth range limit of 0.478-4.112 km,
while the AS gave an estimated depth to
the magnetic sources ranging from 0.348 to
2.551 km. The LWN method revealed an esti-
mated depth ranging from 0.478 to 5.48 km.
The solutions from HGM and analytical ASA
functions are comparable and better than the
solutions from the LWN. In each diagram (Fig-
ures 18-20), the centre of each circle coincides
with the location of maximum for that function
and the diameter of the circle is proportional
to the depth estimate for the source point of
the anomalies. The direction of the diameter
indicates the strike direction of the lineament.
LWN overestimates the source depths relative
to other methods; otherwise, the three results

RMZ - M&G | 2019 | Vol.66 | pp.051-074

Table 2: Magnetic susceptibility values of minerals [46].

. Magnetic susceptibili
Minerals g p ty

(10-%) SI
Andradite 2,280-4,320
Staurolite 790-1,590
Cordierite 200-1,100
Tourmaline 39-1,520
Beryl 23
Epidote 1,010
Orthite 970-960
Zircon -15-386
Opal -12.9
Orthoclase ~13.7
Halite ~-10.3
Calcite ~10-100
Quartzite schist 140-220
Pegmatite 90-370
Muscov.lte 10-120
tourmaline
Gneiss 164-260
Limestone 4-20
Sandstone 0.2-5
Gabbro 200-420
Augite 17-100
Haematite 2,150-5,100
Schist 213-469
Tourmaline 20-79
Sphene 264
Actinolite 100-990
Hornblende 764-1368
Pyrite -6.3-63
Galena -33-9.3
Dolomite 14-23
Garnet 10-56
Quartz -6.3
Graphite -4-76
Biotite 100-307

contain similar features, which is in agreement
with earlier works by [43] and [44].

A close examination of the maps of HGM, ASA
and LWN in Figures 18, 19 and 20, respectively,
reveals the differences in the diagnostic attri-
butes of these functions. The resolution of HGM
and ASA is comparable, while that of the LWN
map is least. The apparent magnetic suscepti-
bility values were estimated using the filter op-
erator in Oasis montaj™ [45], a software pack-
age for potential data processing. The apparent
susceptibility values of the study area (sheet
number 243) ranged from -0.00325 to 0.00323
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45E

67

8.0N

140.93
124.81
114.12
105.26
97.46
90.71
83.91
77.65
71.10
64.14
57.06
50.18
41.75
30.16
16.93
2.58
-15.27
-35.28
-79.41

Scale 1:192919 nT

2500 0 2500 5000 7500 10000 12500
e —_____——___]}

(maters)

80N

133.09
116.20
104.81
95.64
88.11
81.86
76.67
71.92
66.99
62.13
57.13
51.74
44.74
36.01
24.50
10.96
-4.38
-23.44

-64.63h

RT

Seale 1192919

=)

Figure 15: Total magnetic intensity map of study area after reduction to equator.

as shown in Figure 21 suggesting contrasting
rock types. The northern, southern, southeast-
ern and northwestern regions of this map are
characterised by relatively high susceptibil-
ity values ranging from 0.00061 to 0.00323,
which could be inferred as areas where the fi-
bre-grained quartzite schist, muscovite, tour-

maline gneiss and pegmatite are concentrated
in the deposit, whereas the southwestern re-
gion is characterised by relatively low apparent
susceptibility values ranging from -0.0004 to
0.00058, which could be inferred as a weath-
ered and fresh basement area.
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Figure 17: Analytical map of the study area.
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Figure 21: Apparent susceptibility map of llesha and its environs.
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Conclusion

The study of the nature of the distribution of
the three radioelements has been carried out
using radiometric data. The distribution of the
three radioelements with the geological struc-
tures of the area has been studied, and it was
noted that the maximum values of eU and eTh
(ppm) fall within the branded gneiss regions,
while the maximum values of K (%) fall within
the porphyritic granite region. Equivalent tho-
rium has the highest radioactive content. The
mean environmental radioactivity dose rates
of the study area were found to fall within the
acceptable safe limit of 1.0 mSv/yr, although
there are places with high values. Ratios of the
radioelements (eU/K, eU/eTh and eTh/K) have
been analysed to check whether there was an
enrichment or depletion of radioisotopes [25]
in the area, and it was found that eU/eTh is less
than 1 since eTh is higher than eU, indicating
depletion in uranium, whereas eTh/K is great-
er than 2, indicating equivalent thorium enrich-
ment.

The airborne magnetic data have been analysed
using three automated gradient techniques,
namely, HGM, ASA and LWN. In addition, the
apparent susceptibility filtering technique was
used to estimate apparent magnetic suscep-
tibility of the anomaly within the area under
consideration. These techniques have been
adopted to delineate Ilesha area in order to
gain understanding and interpretations. The
value of magnetic intensity distribution in the
field ranged from -79.41 to 140.93 nT, and it
was found to depend on the size, depth of buri-
al and the thickness of the low susceptibility
superficial material overlying the magnetite
crystalline rocks within the study area. High
magnetic intensity values characterised the
basement rocks, whereas lower magnetic in-
tensity values distinguished metasedimentary
rocks and fresh basement. The results revealed
that a basement rock occurs in all parts of the
study area. The location and depth to magnetic
contacts have been estimated from the peak of
the HGM, LWN and ASA functions of the total in-
tensity magnetic data. The results of this study
have shown that the estimates of depth limit
to shallow magnetic contact by HGM and ASA
methods are relatively close and comparable.

The LWN method overestimated the depth to
the shallow sources and revealed a smaller
depth for the shallow sources. The shallower
depth, ranging from 0.382 to 0.478 km, may
refer to some major magnetic units, uplifted
basement surface and some local magnetic
features. These results therefore demonstrate
the applicability of the three gradient tech-
niques of magnetic interpretation in estimating
depths to the surface of magnetic basement in
a basement complex. The obtained apparent
susceptibility of the entire Ilesha and its envi-
rons ranged from -0.00325 to 0.00323 SI. This
study has shown that the apparent susceptibil-
ity within the study area is controlled mainly
by ferromagnetic and diamagnetic minerals.
The integration of airborne radiometric and
magnetic results shows that the northwestern,
southeastern and central parts of the study
area are dominated by high dose rates and
high magnetic intensity values. These high val-
ues were observed directly in radiometric and
magnetic patterns.
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