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AiHilHI aHoManail BasKAUBI AAS iHTeplipeTalii rpaBiTalliiHuX AQHNX, OCKIABKM BOHH
€ iHAMKaTOpaMu AESKUX B&KAMBHUX CTPYKTYPHHX ocoOamBocTel. KpyTi rpaaieHTH To-
PH30HTAABHUX IMOXiAHMX I'PaBiTal[ifHOTO IIOASA 3a3BMYaM Bipo0OpasKalOTh AiHeaMeHTH i
po3aoMu abo 3MIHM CKA8AY, IO AG€ 3MOIY OIIMCYBATH CTPYKTYPHI TEHAEHIIl perioHy.
Lle AocaipReHHS cIpAMOBaHe Ha 3'4CyBaHHS CTPYKTyPHOI'O TpeHAy Oaceliny ['oHTOAA i
I'PYHTYETLCA Ha KOHBOAIOILI IApa Dyp'e Apyroi ropu3oHTaAbHOI HoxXiaHOl (AI'T]) ycivenoi
MOA€EAi TOPU30HTAABHOTO APy i aHoMaail rpaBiTalifinoro noas. Sapo @yp'e AI'T1 orpu-
MaHo nepeTBopeHHAM Oyp'e aHoManii Byre mAocKkoro mapy 3 eKCIIOHEeHIIHHOI0 3MIHOIO
KOHTPACTy I'yCTHHE. PO3MOAIA 3BaKeHOI I'YCTHHU 3HAMAECHO 3a BU3HAUYEHHAIM CEPEAHBOT
rAuOuHY Oe3IlepepPBHOI II0 IIOBEPXHAX ITOALAY. ['paHi iaeETHdiIKOBaHO 3aMKHYTUM MaKCH-
MyMoM Ha KapTi AI'TI rpaBiTamiiffHOro oA, Pe3yAsTaTH IIOKa3yIoTh, IO aHOMaAis byre €
IIPOTSDKHOIO HeraTUBHOIO aHOMAaAI€I0 MIBAGHHO-CXIAHOTO — IIBHIYHO-CXIAHOT'O IIPOCTH-
TaHHs, Ka BIATTOBiAa€e KpyTo3aHypeHiil cTpyKTypi. LI cTpyKTypa 3yMOBAeHa I'PaHITHOO
inTpys3i€ro mia 30HOI0, 0OMEKEHOIO0 CHCTEMAMM PO3AOMIB, IIO TiTKO MPOCTEKYETHCI Ha
MaIli 3aAHIITKOBHUX i30CTaTUYHMX aHOMaAiN. [OpU30HTaABHI I'PaAi€HTH aHoMaAil rpasiTa-
Li¥HOTO IIOAS B PeAYKIii Byre OaceliHy AaAl 3MOT'y Ay’Ke UiTKO BUSIBUTH I'PaHi, AiHeaMeHTH
i po3aoMHI cTpyKTypu. ['OAOBHI i IIIATIOPSIAKOBaHI AiHeaMeHTH, OTPpUMaHI IIpU aHaAisi
kaptu AI'TI, HaHeceHO Ha KapTy 3aAHIIKOBOI i30CTaTUYHOI aHOMAaAII IpaBiTaIlifiHOTO IIOA,
B PE3yABTaTi 90T0 CTBOPEHO CTPYKTYPHY KapTy AOCAIAKYBaHOTO palioHy. AiHeaMeHTH 3
IIPOCTATaHHAM ITIiBHIYHMY CXiA—ITIBACHHUM CXiA i CXip—3axip iHTeppeTOBaHo IK CUCTEMH
PO3AOMIB 3i 3MillIEHHAM IO BEPTHKaABHIM maomnHi. KpyTi rpaaieHTH € BiAOOpasKeHHAM
pi3kEX MeX abo MOAiAIB MiXK GAOKaMu (pyHAGMEHTY 3 KOHTPACTHHMMH BAQCTHUBOCTSIMH,
TaKMMU K PO3AOM, 30Ha 3CyBY (pyHAAMEHTY i KOHTaKT HHTPY3ul. TeKToHiuHY iHdopMa-
Liio, OTPEMaHy 3a PO3MIOAIAOM AiHEaMEHTIB, MATBEPA’KEHO 2D rpaBiTaIlilfHOI0O MOAEAAIO
Oaceliny. BukopucTaHHs DUX MoaeAel I KapTH PO3AOMIB CIPUSTUMYTH BUOOPY epclek-
THUBHUX PaloOHiB A AETAABHOTO KapTYBAHHSI IIOKAGAIB BYyTAEBOAHIB.

KAl040Bi cAOBa: ApyTa rOpH30HTaALHA TOXiAHA, nepeTBopensd Pyp'e, aHomanisa Byre,
AlHEaMeHTH, PO3AOMMU.

Introduction. Taking the horizontal de-
rivatives of the Bouguer anomaly emphasizes
changes in the horizontal gradient. This is ef-
fectively another way of removing (or sup-
pressing) the regional trends in the gravity
data. Edge enhancement in potential field
data helps geologic interpretation. It not only
depicts changes in lithology, but also pro-
vides the information on structural systems
and deformation styles [Zhang et al., 2011].
Over the last few years, increasing interest has
been expressed for using the gravity gradi-
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ent interpretation due to more sensitivity of
gravity gradient to geologic structure than
gravity itself [Aydogan, 2011]. The gravity
measurement can be directly transformed to
horizontal gravity gradient. Klingele et al.,
[1991] discussed the application of horizontal
derivatives to gravity gravimetric data. The
position of gravity anomalies horizontal gra-
dient maxima was presented by Cordell and
Grauch [1985] as a method to locate abrupt
changes in density of subsurface rocks. The
establishment of high priority regions for de-
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tailed exploration requires the determination
of lineaments and faults using gravity second
horizontal derivatives. Boschetti [2005] pro-
posed different edge-detection algorithms
based on the use of horizontal or vertical
gradients of potential-field anomalies. These
are used in the visual interpretation of both
gravity and magnetic maps in order to de-
tect the main geological structures. Several
edge-detection algorithms can be found in
the literature, all of which are based on image
gradients [Aydogan, 2011]. These gradients
are calculated from the image itself, rather
than measured. Edge detection neither gen-
erates new information, nor extracts informa-
tion from geophysical maps. Boschetti, [2005]
opined that edge detection only transforms
such information. Via edge detection, the in-
formation which is contained within the en-
tire image pixel set is displayed in a form that
helps the user to focus on the main features of
a map and to interpret them in terms of geo-
logical structures [Aydogan, 2007; Hornby et
al., 1999]. Works on edge detection were ad-
opted by various authors [Blakely, Simpson,
1986; McGrath, 1991; Mallat, Zhong, 1992;
Moreau et al., 1997; Boschetti et al., 2001;
Trompat et al., 2003; Cooper, Cowan, 2006;
Aydogan, 2011]. Several authors developed
various methods based on the use of horizon-
tal, or vertical, gradients of potential-field
anomalies [Rao et al., 1981; Grauch, Cordell,
1987%; Reid et al., 1990; Marcotte et al., 1992;
Roestetal., 1992; Zeng et al., 1994; Hsu et al.,
1996; Fedi, Florio, 2001]. Potential-field data
correspond to the superposition of effects
from all causative sources. This superposi-
tion is the major problem in the interpretation
of potential field data since it possesses an
inverse problem which has no unique solu-
tion. Canny [1986] introduced some analytic
expressions for the criteria that have to be
optimized in edge detection. In the case of a
low noise level, gradient estimations are the
classical methods which give satisfactory re-
sults. Lunscher [1983], Modestino and Fries
[1977], and Shanmugam et al. [1979] devel-
oped different edge-detection operators by
associating low-pass filtering with the gra-
dient detector. Shen and Castan [1986] pro-
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posed an algorithm based on a recursive form
with exponential impulse response to detect
step edge using a second horizontal deriva-
tive filter. The edges of the anomalous mass
come in many forms and shapes. They might
be in the form of lineaments and faults and
density contrast showing various structural
boundaries. The gradient extreme of anoma-
lies usually corresponds to the boundaries of
the existence of these anomalies and were
used to approximate edges of source bodies
or to analyze lineaments [Blakely, Simpson,
1986].

This paper suggests a method for our edge
operator based on the second horizontal de-
rivative of a truncated horizontal-plate model
(THPM) model for the delineation of linea-
ments and faults in the Gongola basin. In this
research, a cross correlation function was es-
tablished between the two-dimensional step
model and density distribution as applied to
the truncated horizontal plate model (THPM)
using the concept of Fourier transform as ap-
plied on the potential data. The objective of
this approach is testing its viability in the de-
tection of deep faults in the presence of near
surface features. In this study, the THM model
is considered in terms of density varying ex-
ponentially with depth. A Fourier transform
of the observed gravity data is carried out to
determine the Fourier Kernel which corre-
sponds to the edge detector with respect to
the wave number and the shot point distance.

Description of the study area and Geo-
logy of the basin. Description of the study
area. The study area is located North-West
of the upper Benue Trough in the Gongola
basin. It is bounded by Longitudes 10.3°E and
10.8°E, Latitudes 9.9°N and 11.1°N. The Car-
tesian coordinates are defined in Easting as
625000 mE and 700000 mE and in Northings
as 1096818 mE and 1225000 mN respectively.
The study area is located among the follow-
ing places: Alkaleri (W), Darazo (NW), Dukku
(NE), Larishi (E), and Kwala (S).

Geology of the basin. The Benue Trough is
one of the most important rift features in Af-
rica and is believed to be formed by the rifting
of the central West African basement during
the Cretaceous. The trough is subdivided into
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Lower, Middle and Upper Benue (Fig. 1, a)
with its Southern limit towards the northern
boundary of Niger Delta and its northern sec-
tor include the easterly Yola/Garoua Flank
extending across the Cameroon border and
the northerly Gongola Flank. Careful re-ex-
amination of geophysical evidence makes it
quite clear that there are only three intercon-
nected rifts in West Africa; the Lower Benue
Rift which extends from the Gulf of Guinea
to a triple junction near Chum and the Gon-
gola and Yola Rifts which extend to the north
and east, respectively from the Chum triple
junction. These three rifts opened during the
earlier part of the Mesozoic and were sub-
sequently filled with Cretaceous sediments
[Freeth, 1984]. The trough is about 700 km
long and 100—150 km wide. The trough de-
velopment is attributed to major horizontal
movements along a series NE-SW trending
fractures accompanied by basement fragmen-
tation, subsidence and rifting during Early
Cretaceous opening of the South Atlantic
Ocean [Grant, 1971; Akande et al., 1998]. The
Gongola basin of the upper Benue Trough is
a North-South trending arm of the 1000 km
long Benue Trough. These sub basins contain
thick sediment accumulations (mainly Cre-
taceous) in excess of 5 km deposited under
varying environments. The sediments have
been subjected to main tectonic phases which
account for the observed folding, faulting and
fracturing of the rocks (Fig. 1, b). These tec-
tonic episodes were dominant in the NE-SW
direction. Further discussion on the structur-
ization of the basin are found in [Avbovbo,
1986; Benkhelil, 1989; Fairhead, Binks, 1991].
According to Benkhelil [1989], the evolution
of the basin is also as a result of stress and
strain resulting in deformation or faulting
through a wrench process.

The Upper Benue Trough (see Fig. 1, a)
of Nigeria is comprised of three basins: the
east-west trending Yola Basin (Yola Arm),
the north-south trending Gongola Basin
(Gongola Arm) and the northeast-southwest
trending Lau Basin (Main Arm). These sub
basins contain thick Cretaceous sediments
with thickness ranging between 5 km (SE)
and 7 km (NE). Tectonic activities such as
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folding, faulting and fracturing has greatly af-
fected the deposited sediments (see Fig. 1, b).
The characteristics of the main stratigraph-
ic formations in the Gongola basin: Kerri-
Kerri, Gombe, Pindiga, Yolde and Bima (see
Fig. 1, b) are fully discussed in various litera-
ture: [Carter et al., 1963; Ofodile, 1976; Pet-
ters, 1982; Petters, Ekweozor, 1982; Avbovbo
et al., 1986; Obaje, 1994; Olugbemiro et al.,
1997, Obaje et al., 2006; Obaje, 2009]. Ac-
cording to [Okiwelu et al., 2015], the Benue
Trough is filled with sediments of Cretaceous
(Albian—Maastrichtian) age which are made
up of sandstones, shales/clay, limestone, mud-
stone (mainly marine in character) and un-
derlain by Precambrian basement. The three
main tectonic evolutions which determined
the stratigraphic succession of the basin as
suggested by [Petters, 1978] include the Bima
formation which corresponds to the rift se-
quence which comprises sediments deposited
within the graben and horst structures during
the Albian—Cenomanian sedimentation.
Data Acquisition. The gravity readings
were obtained using the La Coste Model G
No. 572 gravimeter. Gravimeter readings
changed (drift) with time as a result of elastic
creep in the springs, producing an apparent
change in gravity at a given station. The in-
strument drift is corrected by repeating mea-
surements at the same location at different
times of the day. All gravity data acquired at
the stations occupied during the survey are
reduced relative to the base station. The sta-
tion interval of 500 m was used and a total of
1813 gravity stations were observed.
Methodology (Second Horizontal Deriva-
tive (SHD) Model Formulation using Fou-
rier Transform). In gravity interpretation,
the edges come in many forms and shapes.
They might be in the form of faults, contacts,
and various structural boundaries [Aydogan,
2011]. The gradient extremes of anomalies
usually corresponds to the boundaries of the
existence of these anomalies and have been
used to approximate edges of source bodies
or to analyze lineaments [Blakely, Simpson,
1986]. In order to highlight lineaments of grav-
ity data, we make use of a truncated horizon-
tal-plate model (THPM). In this research, the
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Fig. 1. The map of Nigeria showing the major subdivisions of the Benue Trough [Ologun et al., 2008] (a). Geologi-
cal map of Upper Benue Trough showing its stratigraphy and Structural trend [Tukur et al., 2015] (b).

horizontal gradient method was used to locate
density boundaries from the gravity data. The
horizontal gradients were estimated from the

convolution kernel referred to as gradient op-
erator. The first step in the determination of
the gradient operator is the estimation of the
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derivatives in the x- and y-directions in order
to smooth the image. Fourier transform uti-
lizes the frequency domain in its operation. In
the frequency domain, a convolution is estab-
lished by multiplying the Fourier transform
of the given function obtained as a Fourier
kernel with the observed gravity. Using the
properties of the convolution process Aydo-
gan [2011] showed that the gradient operator
is obtained as follows:
0 0

M, =5(Fg)=a(F)g. (1)

G =

I - Depth of the footwall .

h - Depth to the hanging wall [/,
y - Strike length h =
d - Dip angle

X - x direction

M,=—(Fg)=—(F)g. 2)

The magnitude of the gradient is given by
[Aydogan, 2011]:

M=,/Mf+My2. 3)

This operation measured the rate of
change of field in x and y directions and cre-
ated a resultant grid [Cordell, Grauch, 1985]:
The horizontal gradient method used to lo-
cate density boundaries from gravity data

Ground
surface

55| Sediments

[] Basement

Ap

» x

Zv

Q Emid)
b

Fig. 2. Geometry of a 2.5D faulted bed (modified from [Chakravarthi, 2008]) (a). Showing the step model approach

[Grant, West, 1987] (b).
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[Cordell, Grauch, 1985] is given as:

2 2
THD = (aﬂj +[aﬂ] . (4)
ox Oy

Gravity measurements above a sedimen-
tary basin can only detect lateral density
contrasts between sediments and basement
because usually there is no sufficient den-
sity contrast between two sedimentary lay-
ers. Fig. 2, a shows how a tectonic fault with
a basement off-set detected by gravity dis-
places vertically the boundary separating the
sediments from the basement. The important
point is that above point R; and below point
R,, the fault does not create horizontal den-
sity contrasts. The only region where the
fault creates a horizontal density contrasts
is between point R; and R,. As a result, the
whole structure shown in Fig. 2, a will pro-
duce exactly the same gravity anomaly as the
slab model shown in Fig. 2, b. The anomalous
material in this case has the form of a flat step
which goes to infinity in the positive direc-
tion of x and is assumed to have a uniform
density contrast throughout its entire bulk.
Since most faults have a strike length that is
many times their throw, the step is assumed
to be two-dimensional.

Consider a material to be distributed with
a surface density r(x, ) g/cm3 of the horizon-
tal plane z=0. To calculate the gravitational
field of this coating at a point Q in z=0, a set
of circular cylindrical coordinates (r, @, z) is
chosen, whose axis is vertical and whose ori-
ginis placed at Q as shown in Fig. 3. At a point
P on the axis, gravitational potential will be
[Grant, West, 1987]:

P(0101_|Z|) ‘\

Ap(x,y)

Fig. 3. The «equivalent Stratum» [Grant, West, 1987].
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2x_p(r, @)
U =-G —=—rdodr,
S e
where p — surface density, Up — gravitation-
al potential at P, r — radius, z — horizontal
plane.
Gravitational field at P is given as:

(5a)

P=-VU

p*

(5b)

Since the potential Uis due to masses that
are locally distributed on z=0, the gravity ef-
fect at P is written as:

=Glz |ff"

The negative sign being used because Ag
is to be measured in the direction of g. It is
required to evaluate the integral in the limit
as z = 0 by utilizing a small circle at Q of ra-
dius » which is finite. The radius r is chosen
such that throughout the circle r(x, y) does not
change appreciable from its value at Q. This
gives [Grant, West, 1987]:

=Go@ld [ f"(rf"’%d’=

3/2
2
Z)

s,zrdcpdr 2<0.  (6a)

=21Gp(Q)| 1-———= ||

. 6b
(r*+2°) ©0)
This finally gives
Ag(Q) =2nGp(Q) . (6c)

But the position of Q in z=0 is arbitrary, so
that we may write:

Ag(x,y) =2nGp(x,y).

Suppose that the gravity effect Dg(x, y) on
z=0 is produced by an unknown distribution
of matter below this plane. Then whatever the
array of masses may actually be, its effect at
any point in z=0 would be exactly the same if
it were replaced by the surface distribution on
z=0 given by equation 6d. This density coat-
ing is therefore called the equivalent stratum
for the unknown distribution of matter in z>0.

From Eq. 6d, the formula for the profile of

(6d)
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gravity effect across the step modified from
Grant and West [1987] is given as follows

Ag(x)=2nGApx (7a)
]

1 x_COtd—tan‘l %_'_

_ 2 2 V2
x4 (xsin® d+hsin d cos d)m[w}
x“+h
1 x—cotd tan! f]
z h))

(n
—+(z)tan
2()

~(xsind cosd+hcos® d) [tan

By putting z=I+h — depth to basement. We
may write the above equation as:

Ag(x)=2nGApf(x,z,d).

The first and second horizontal derivatives
(Ag, Ag,,) of the above expression in Eq. 7a
produce an implicit function. The object is to
find a single function that best approximates
the function f{x, z, d) with respect to density.

In the second horizontal derivative of
the truncated horizontal-plate model equa-
tion (Eq. 4), a uniform density contrast is as-
sumed which is in consonance with the step
model concept and characteristics utilized in
this study as shown in Fig. 2, b. In this study
also, the density of the sedimentary structure
is considered to varying exponentially with
depth with respect to Eq. 7b. According to
Cordell [1973]

Apf(x,z,d) =pye™ ®)

yis defined as attenuation which is a function
of the horizontal derivative (x) with respect to
the lateral density variation and the dip angle
d of the anomalous mass.

Cordell [1973] also showed that the thick-
ness of the Bouguer slab with exponential
density contrast variation is given as:

YAg
2nGp, |’

(7b)

z=_—110g[1— (©))

Y

where y — attenuation. From Eq. 9 Ag is ob-
tained as

Agzzn—fp"[l—e'”]. (10)

The Fourier transform of an aperiodic
function is given as
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F(k)= [ f(x)e™ax, (11)
F(k) — Fourier transform in the wavenumber
domain, k— wavenumber and is given by

F[Ag(k)]:@ J:f[l—e"‘z”]e‘k"dz, (12)

k— wavenumber.

The wavenumber in the Fourier trans-
formed gravity function corresponds to the at-
tenuation constant in the generalized gravity

k=K + ky2 . (13)
k.. ky — Nyquist wavenumber in the x, y direc-
tion k, =n/x, , k,=7/y,  k, k, — wavenum-
ber, we choose x and y axes which lie in the
directions of maximum and minimum hori-
zontal gradient in Agx,, and y,, — measured
distanced between points at which g, takes
the value 1/2Ag in these two directions. Ag,,,,
— amplitude of the Bouguer anomaly on the
surface.

Expanding the exponential and taking into
account only the first order term which is a
good approximation for the small wavenum-
ber that we are interested in, the above rela-
tion for a discrete observation. The Fourier
kernel is obtained as

2nGp, =[1-e* " =L, (14)

According to Grant and West [1987], the
weighting density distribution within a sedi-
mentary structure is given as

r(22y) =1,

where r = ZW, w — ks, s — shot point dis-
tance, y — attenuation, z — obtained from
the above expression as by solving Eq. 15.
Using the above parameters, z is obtained as
z=+ks , z— mean depth perturbed by the
interfaces.

Substituting z in Eq. 15 we obtain

(15)

L, =2nGp,[1-™ [ (16)

where L, is the edge detector in the x- and
y-directions.
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Ag,. =21Gp, [1 — et :|e'k‘/EAg . an
g, — second horizontal derivative using the
Truncated Horizontal Plate Model using the
step model (THPSM), p,—weathered tertiary
density obtained using Parasnis method. The
edge is identified by the closed maximum of

convolution between these kernels and the
gravity data.

Results and Discussion. Second Horizon-
tal Derivative Results. The Bouguer anomaly
computed using the crustal density of 2.67 gcc
is shown in Fig. 4. The map revealed a large-
scale negative Bouguer anomaly trending
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Fig. 4. Bouguer gravity anomaly map (density 2.67).
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SW-NE to E-W over the central part of the
area. Closer geological and structural obser-
vation of this anomaly's axes suggested that
its general trend followed an inferred granite
intrusion area. The quite different nature of
the Bouguer gravity map on the northern side
was marked by gravity lows, bounded by rela-

1200000

1180000~

1160000 -

1140000

1120000

660000

tively steep gradients occurring over or near
higher metamorphic formations and other
granitic plutons, suggesting the existence of
a suture zone between two of the crust's block

The results of the second horizontal gra-
dient of the gravity are shown in Fig. 5. The
gradient extremes of anomalies usually cor-

LN=Lineament

680000

Metre
B}
0 10000 20000 30000 40000

Fig. 5. Second horizontal derivative map (C.I=1 mGal/m?).
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responds to the boundaries of the existence
of these anomalies and have been used to ap-
proximate edges of source bodies or to ana-
lyze lineaments [Blakely, Simpson, 1986]. The
edges of the structures were clearly defined
in the SHD map using the colour separation
obtained in the map. The density boundar-

ies of the various zones within the study
area were also defined. Local minima of the
gradient magnitude were used to determine
lineaments in the derivative gravity anomaly
map. Zeng et al. [1994] opined in his work
that major faults can be inferred from gradient
zones on gravity-anomaly maps as first-order

F
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Fig. 6. SHD overlaid on a gravity base map.
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faults. Several lineaments were traced from
the linear trends found on the derivative map
beyond the edge of the anomalous mass. The
lineaments range from L; to L;, as shown in
Fig. 5. In defining the location of linear fea-
tures, faults were traced easily along these
salient lineament features which showed the
trend of deep and minor faults.
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In order to define the fault locations on
the base map, the lineament/fault map was
overlaid over the base map as shown in Fig. 6
and over the isostatic residual map as shown
in Fig. 7. This is meant to correlate the defined
edges of structures, lithologic contacts and
faults on the SHD/isostatic residual anoma-
ly map with the modelled residual anomaly
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profiles to determine if the tectonic features
exhibited in both maps and models corrobo-
rate. In the study area, 9 faults were identified
after merging 14 lineaments into single faults.
Fig. 6 shows fault maps superimposed on the
residual gravity anomaly map. Most of the
geological features can be visually shown to
fit in with our results. According to the defined
fault systems of the basin, the L, lineament
which appeared in the Bouguer gravity anom-
aly map as a gradient zone geologically belong
to one fault system (F;) as shown in Fig. 5. The
L,—L¢—L,lineaments were considered to be
one fault system (F,) after they are combined.
This fault is consistent with the NE-SW trend-
ing fault which was also reported by Osazuwa
et al., [1981] and Fairhead et al., [2013]. The
fault system (F,) is obtained by combining the
L,—L¢lineaments and is compatible with the
buried fault system extending in the SW-NE
direction of Alkaleri. It could be said that the
L;—L, lineaments coincide with the normal
fault (F3) located at the SE side of Kolmani
(Akko sub basin). This fault is also supported
by combining the L,—L, lineaments which are
formed in the same gradient zone but gave
an independent fault (F,). It is observed that
these lineaments represent the strike-slip Kol-
mani (graben) fault (F4). The Ls—L¢, L,—Lg
and L,—L,, lineaments can be considered as
a double fault system (F5 and Fy) oriented in
the SE-NE and SE-NW direction in the gra-
dient zone. L;,—L,; Lineaments produced
the fault system (Fg). The lineaments Ly—L;;
which exist in a shear zone, are compatible
with the buried fault and the two lineaments
created one fault system (F, ). They identified
fault traces named L;—Lg and are shown in
Fig. 5 as straight lines. The results of the SHD
tectonic map shows that our proposed model
is able to detect the minor faults within the
study area. In the southwestern part of the
study area, several minor lineaments which
are clear on the tectonic map are shown on
the map obtained by this proposed model. The
relationship between these lineaments and
faults can be corroborated from the model of
the cross sections shown in Fig. 8, a—d.

The modelled cross section (Fig. 8, a)
shows the reverse fault that correlates with
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line 94D032 on which lies the faults L,—L,
respectively. The contact boundaries were es-
tablished by faults and this corroborates the
model results in Fig. 8, a. Similarly, the Kol-
mani graben structure on the map (Fig. 6, 7)
corroborates the model cross section in Fig. 8,
b which shows the block displacement. Fig. 8,
¢, d model results shows the correlation of
the contact boundaries in the NE Dukku sub-
basin with the maps in Fig. 5, 7 respectively.

The resulting set of lineaments/faults
(Fig. 5, 6) showed that most faults in the study
area had sub-vertical dips. Interpreting the
granite complex structural elements in the
NW-SW part of the area, revealed that it was
bounded to the north and southwest of the
Gongola basin (upper Benue region) by main
fractures interpreted as being normal faults.
The SW-NE tending fault in the Alkaleri area
was described as representing an intra-granit-
ic fault. The gravity data for the northern part
of the area was characterized by gravity lows,
bounded by relatively steep gradients which
could be interpreted as the result of mantle
upwelling associated with high temperature;
deep-seated basement structure associated-
melting had thus occurred in the lower crust
[Abubakar et al., 2010]. Overall second hori-
zontal derivative analysis results for gravity
anomalies produced many features regarding
trend and dip direction marking the faulted
sedimentary and granitic basement bound-
ary revealed a complex subsurface geologi-
cal structure. These two areas were separated
by a pronounced NE-SW fault recognized on
both Bouguer, second horizontal derivative
and isostatic residual gravity maps and was
interpreted as being a basement fault. Low
gravity anomaly expression was associated
with granite intrusions while high gravity
anomaly expression was associated with base-
ment outcrop.

Discussion. The fault termination, dis-
placement or interruption of otherwise
long or continuous gravity anomalies seen
in Fig. 5—7 represent significant geologic
structural information which involves the ex-
hibition of crustal formations typical of rift
zone and deep-seated faults that may have
related to trans-extensional movement. The
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zones and intrusive contacts (see Fig. 8, d).
Okiwelu et al. [2015] opined that the linear
features on the SHD map represent lithologi-
cal contacts, faults and fractures. The linear
features were obtained from the maps corre-
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ock faulting and intrusives for Line 94D048; ¢ — block

lated with the features in the cross-sectional
gravity models. The NW-SE trend established
in the Maastrichtian contains the following
structural elements: the Kaltungo anticlino-
rium (NE-SW), the Bima anticlinorium (IN-S)
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and the N-S Gulani syncline [Carter et al.,
1963].

The second horizontal derivative map
(see Fig. 7) clearly defines the edges of grav-
ity anomalies and reveals some subtle N-S,
NE and NW trending basement lineaments
that correlate with geologic boundaries also
shown in Fig. 1, b. The anomalies in the gradi-
ent and residual maps also corroborate in the
lateral extent and amplitude and are point-
ers to spatial distribution of the anomalous
mass in the sub-basins of Akko and Dukku
and the graben structure of Kolmani in the SE
mini-basin of the project area. The tectonic
nature of the basement as shown in the gradi-
ent maps can therefore serve as an important
tool for the prediction of the likely orienta-
tion of faults and fractures in the overlying
Cretaceous sediments in the trough. These
structures within the basement which influ-
ence the location of faulting within the sedi-
mentary cover were reported by [Genik, 1993]
and can also be visualized from the bounded
fault block in the modelled cross-sections
shown in Fig. 8, a—d.

The Basin Fault Structure. The surface
subsidence of the developing rift basin en-
hances drainage and sedimentation into the
rifts. These low density rift basin sediments
generate a negative Bouguer anomaly (see
Fig. 4). In corroborating the SHD, the iso-
static residual anomaly map and the mod-
elled cross sections, the tectonic nature of
the basin is well defined. Figure 8a shows a
modelled profile of line 94D032. It shows the
presence of a reversed fault and intra-base-
ment tectonic features. This corroborates
with the Alkaleri-Akko fault: F;, F, and F;
respectively. The modelled cross section for
line 94D048 (see Fig. 8, b) shows the Kolmani
graben structure within the Akko mini-basin
of the basin. Akko fault represented by fault
line F5/F, and other mini faults within the
graben. Fig. 8, b model correlates with the
defined Kolmani graben in the SE as shown
in Fig. 6. The large distinct density contact
boundaries in the NE as shown on the SHD
map is corroborated by the mass deposit
shown in the modelled cross section of line
94D096 as shown in Fig. 8, c. Modelled cross
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section of line 94V120 as shown in Fig. 8, d
shows the faults and intrusives on that line.
The fault shown on this model correlates
with that shown in Fig. 6. It also shows fault
Fg within the Darazo sub-basin; NW zone of
the project area. These series of faults con-
trolled the basin subsidence and the depo-
sition of the Campano—Maastrichtian suc-
cession. The Benue Trough by these fault
distribution, had a clear sinistral strike slip
movement (see Fig. 1, b). The termination
of this stage is indicated by a regional un-
conformity identified by Genik [1993]. The
tectonic structures show that the basin was
affected by an intense Santonian tectonic
episode that resulted in folding and faulting
of pre-Santonian sediments in a NE-SW di-
rection. Benkhelil [1982, 1989] and Benkhelil
and Robineau [1983] believed that the Gon-
gola basin was mainly controlled by trending
faults close to its eastern margin and this has
been corroborated by the fault fabrics shown
in the NE-SE part of the study area. These
faults trending E-W (see Fig. 6) are the major
structural feature that separates the Dukku,
Akko and Finshare sub-basins where the old-
er Bima-Yolde epicenter occurs (see Fig. 1, b).

Conclusions. In Gongola basin (upper
Benue trough), the main structural features
of the successions at the NE part are the NE-
SW trending faults. Several reverse faults also
occur with the SE-SW zone within the graben
aiding deposition of the Campano-Maastrich-
tian succession within kolmani graben zone.
The mini basins are interconnected by base-
ment ridges and horst structures as shown
in the modelled cross sections. The internal
geometry of the upper Benue trough is con-
trolled by the high-angle rift-stage faults, the
NE-SW, E-W, N-S trending faults and intra-
basement granitic intrusions. Furthermore,
the subsidiary E-W and N-S trend faults attest
to major but highly localized compression.
This intense compression and the Kolmani
graben formation suggests that wrenching
played an important role in the tectonic evo-
lution of the basin.

These results show that the proposed ap-
proach constitutes a useful tool to aid fault in-
terpretation using gravity data. This approach
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is a useful tool for detecting deep faults, even
in the presence of shallower near-surface fea-
tures. This method, as applied to the location
of edges of causative sources, is simple and
easy to use and is a good approach for deter-

mining vertical, or near vertical, faults.
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in this research.

Extraction of lineaments and faults using gravity second
horizontal derivative data obtained using Fourier transform

E. E. Epub’, E. O. Joshua®, 2018

Linear anomalies are important in the interpretation of gravity data because they
indicate some important structural features. Gravity anomalies obtained from horizontal
derivatives generally reflect lineaments and faults or compositional changes which can
describe structural trends of a region. This study involves the delineation of the Gongola
basin structural trend based on the convolution between the Fourier kernel obtained from
the second horizontal derivative (SHD) of the truncated horizontal plate model (THPM)
and the gravity anomaly. The Fourier kernel for the second horizontal derivative was
obtained through the application of Fourier transform over the expression of a Bouguer
slab with exponential density contrast variation. The weighting density distribution is
obtained through the determination of the mean depth perturbed by interfaces. The edges
were identified by the closed maximum in the SHD gravity map. The results show that the
region's Bouguer gravity is characterized by elongated SE-NE negative gravity anomaly
corresponding to a collapsed structure associated with a granitic intrusion beneath the
region, limited by the fault systems. This was clearly evident on an isostatic residual
gravity map. The horizontal gradients of the Bouguer gravity anomaly data from the
basin defined the edges, lineaments and faults structures very clearly. Major and minor
lineaments derived from the SHD map were transposed on the isostatic residual map. These
features led to the production of the structural map of the study area. The NE-SE and
E-W trending lineaments were interpreted as fault (strike-slip wrench) systems. The steep
gradients evident in the gradient maps are reflection of sharp discontinuities or interfaces
between basement blocks of contrasting properties, such as: fault, basement shear zones
and intrusive contacts. The tectonic information brought about by the distribution of the
lineaments was corroborated by the 2D gravity model of the basin. These models and
fault map will complement the selection of the promising areas for detailed hydrocarbon
mapping.

Key words: second horizontal derivative, Fourier transform, Bouguer anomaly,
lineament, faults.
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