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Abstract This report details the result of geophysical explora-
tion for ironore;which involvedverticalmagnetic intensity (ΔZ)
and gravity measurements, to delineate the geometry and depth
extent of the deposit and acquiring quantitative and qualitative
information for pre-drilling purposes in Agbado-Okudu. It is
located about 3 km from Jakura along Lokoja-Jakura marble
quarry and within low latitude precambrian basement complex
district of Kogi State, Nigeria. A total of 517magneticmeasure-
ment points along 16 traverses and 330 gravity reading along 11
profiles on the deposit in northeast–southwest azimuthwere un-
dertaken. The magnetic and gravity data enhancement involved
linear regression curve fitting and fast Fourier transform, which
were used to construct residualmagnetic (RM) and gravity (RG)
anomalies, analytic signal amplitude, Euler deconvolution at
varyingspectral indices (SI),power spectrum,andsourceparam-
eter image (SPI), using the submenu of Geosoft Oasis Montaj
software. Interpretation of the RM andRG anomalies revealed a
primary causative body which perfectly correlates the positive
anomalies and iron ore deposit, in form of a horizontal or gently
dipping dyke with strike length of 600 m and average width of
110–130m, within the gneiss complex in the north and trending
southof thearea.Asecondarycausativebodyassociatedwith the
negative anomalies and inferred as a vertical/near vertical thin
sheet striking northeast–southwest coincided with the granitic
and quartzitic intrusion. The NW–SE and E–W lineament trend
conformed Kibarian and Liberian orogeny cycles of generally

known structural trends in Nigeria, which shows that the iron
ore deposit is structurally controlled. Depths to sources were
estimated within range ≤ 2–24 m and 37.5–60 m, regarded as
shallow and relatively deep depths, respectively. Ten vertical
boreholes ranging in depth between 50 and 100 m are recom-
mended, five ofwhich require a priority attention to ascertain the
thickness of the primary causative body.
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Introduction

The quest for non-petroleum revenue and raw materials for the
iron and steel industry inNigeria presents opportunity to explore
the long-abandonedAgbado-Okuduironoredeposit.Thedepos-
it lies in the vicinity of the area marked out as anomaly 1/6 for a
reconnaissance geological and geophysical survey from the data
analysisof theaeromagnetic surveyscale1:50,000carriedoutby
the U.S.S.R. techno-export under contract 1717 of 1971/72. It
was, however, not detected possibly due to the low magnetic
response since the effectiveness of magnetic method depends
solely on presence of magnetite in the rocks of surveyed area
through delineation of associated anomalies which are usually
positive and high inmagnetic intensity (Oladunjoye et al. 2016).
Gravitymethod detects andmeasures local variations in the den-
sities of rocksnear the surface and couldbeused todelineate iron
ore mineralization zones from the host rock (Emerson 1990)
whichmight not have been captured withmagnetics.

Magnetic integrated with gravity data has performed no-
ticeable role in revealing subsurface information exceptionally
in geological mapping and mineral prospecting (Cericia et al.
2011; Amigun et al. 2012; Oladunjoye et al. 2016). This is
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based upon the existence of measurable physical contrast as-
sociated with it (Hansen 1966; Telford et al. 1976) and several
enhancement and analytical tools. Images and maps produced
from the processing or enhancement tools involving Fourier
filtering techniques and others such as the analytic signal,
Euler deconvolution, source parameter imaging, and power
spectra contribute to geological interpretation of magnetic
and gravity data (Durrheim 1983; Spector and Grant 1970;
Reid 1997). Fourier filtering involves transformation of po-
tential field data (such as gravity and magnetic) to Fourier
domain using fast Fourier transform and analyzing it as a
function of wave number or wavelength such that features
can be enhanced and the information of interest can be ex-
tracted (e.g., Foss 2011; Paananen 2013). In this study, inte-
grated approach involving vertical magnetic and gravity
anomalies analysis using fast Fourier transform on submenu
of Geosoft Oasis Montaj 6.4.2 (HJ) software has been applied
to delineate structural features related to faults and other lateral
changes or geological contacts associated with iron ore occur-
rence in Agbado-Okudu.

Geology of the area

Thedeposit is locatedwithin longitude 6° 28′12″E to6° 28′23″
Eand latitudes 7° 52′29″ to8°00′39″NonAyegunleSheet226
SE andKabba Sheet 246NE. It is about 1.6–2.1 km offset from
Lokoja-Jakura Marble Quarry Road at about 40.7 km from
Lokoja (Fig. 1); the isolated ridge on which the ore outcropped
canbe accessedbyan exploratory track.Thehighest point of the
ridge has a spot height of 382.65 m, and the lowest point is
216.49-m high with thickly wooded to derived savannah vege-
tation. It fallswithin thebasementcomplexofNigeria (Rahaman
1989: Obaje 2009), which host ferruginous quartzites that are
restricted to the crest of the isolated ridge with a strike roughly
N–S. It is bounded in the East bymuscovite schist and gneisses
and muscovite schist in the west. The gneisses are mainly re-
stricted to the flanks of the ridge constituting a break-in-slope
with a sharp drop in elevation to the foot of the ridge where the
muscovite schist outcropped though sparingly and highly
weathered. In situ outcrops strike and dip measurements are
rather scarce; however, an average dip of 18°–30° northeast

Fig. 1 Location map of the study area inset on Lokoja map, north central Nigeria
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was recorded while the strike of the outcrop is essentially in the
northwest–southeast. In thesouthandsouthwestquadrantof this
area are boulders and pebbles of quartz (milky quartz) and oc-
currences of quartz veins striking roughly east–west. A fairly
extensive outcrop of brecciated ferrugineousquartzite in laterite
matrix seems to indicate some degree of intensive deformation
in this area (Fig. 2).

Materials and methods

Data acquisition

The data acquisition involved vertical magnetic intensity (ΔZ)
measurements and gravity readings using a digital magnetometer
(model MFD-4 manufactured by Scintrex) and a LaCoste–

Fig. 2 Geology map of Agbado-Okudu iron ore deposit area
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Romberg gravimeter. A total of 517 magnetic measurements
along 16 profiles (B1, A1, A, B,……….M, N) and 330 gravity
reading along 11 profiles (B1, A1, A, B,….H, I) were undertak-
en (Fig. 3). The baseline established in the direction N 20° E
coincided with the general trend and crest of the ridge. The
profiles are spaced 100 m apart, normal to the baseline while
the stations are spaced 40 m apart. The magnetic readings were
taken in close loops of about 1 h repeated interval for diurnal
variation correction. Field spot heights of each of the reading
stations were obtained with Garmin etrex 10 global positioning
system (GPS) and were used for coordinate projection and ele-
vation correction. Traverses through the terrain were established
with the aid of compass clinometers. The magnetic and gravity
data were recorded profile by profile in Excel format and
imported as ASCII (x, y, z) grid file format in Oasis montaj™
where x is the geographic longitude value; y as the geographic

latitude value; with x and y in Universal Transverse Mercator
(UTM), and z for magnetic intensity and gravity anomaly values.

Data processing

Potential field data of magnetic and gravity methods require
certain processing and reductions in order to deduce meaning-
ful interpretation and for improved data quality (Wynn 2002).
Maps and images are derived from anomaly amplitude which
is related to physical properties of the subsurface rocks, its
structural features, and other desired parameters.

Magnetic data processing

Residual magnetic values for each station were obtained using a
linear regression curve fitting for readings along each profile and

Fig. 3 Color-shaded residual
magnetic intensity (RMI) map of
the area, showing the anomalies
(a, b, c…) along profiles (A1, B1,
A…)
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presented inFig.3.Theresidualmagneticvalueswereplottedand
subjected to various data filtering and processing tools involving
analytic signal, Euler deconvolution at different spectral (SI),
power spectrum, and source parameter imaging (SPI) using
Geosoft Oasis Montaj 6.4.2 (HJ) software. The analytic signal
(AS) was applied to delineate boundaries of intrusive bodies by
producingmaxima amplitude over themagnetic contacts regard-
lessofdirectionofmagnetization(MacLeodetal.1993;Paananen
2013). It is also easily used to estimate the depth to sources from

distancebetween inflection points of itsmagnetic anomalies.The
theoretical details of this filter are covered byBlakely (1995) and
Verduzcoet al. (2004).TheASamplitudemapproduced fromthe
residual anomaly is as depicted in Fig. 4a. Total horizontal deriv-
atives (THDR)edgedetection techniqueswereapplied toamplify
lineaments, which are structural deformations that are related to
faults and other lateral changes or geological contacts. The gray
colormap of THDR is depicted in Fig. 4b. The prominent north–
south trending dark tone shows definitive contact to the west
between the schistose rocks and the ferruginous quartzite.
Prominent northwest–southeast and some east–west lineament
orientations are observed. These are in agreement with the
Kibarian and Liberian orogeny cycles of deformation, metamor-
phism, and remobilization in Nigeria (Burke and Dewey 1972),
respectively that are generally known structural trends inNigeria.

StandardEulerusesthecomponentsof theanalyticsignal(three
orthogonal derivatives) all in the spatial domain, usually deter-
mined by Fourier methods and has been applied for rapid depth
estimation. It is designed to provide computer-assisted analysis of
largevolumes ofmagnetic data through the geometryofmagnetic

Fig. 4 Enhanced derivatives (a) color-shaded analytic signal amplitude and (b) gray-shaded total horizontal derivative of the residualmagnetic intensitymap

Table 1 Structural indices (SI) for various geological models (adapted
from Thompson 1982)

Geological model Number of infinite dimensions Magnetic SI

Sphere 0 3

Pipe 1 (Z) 2

Horizontal cylinder 1 (X or Y) 2

Dyke 2 (Z and X or Y) 1

Sill 2 (X and Y) 1

Contact 3 (X, Y and Z) 0
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bodies regarded as structural index and the governing equation as
covered in Thompson (1982), Barongo (1984), Barbosa et al.
(2000)andReid(1997).Thestructural index isameasureoffalloff
rateofthefieldwithdistancefromthesource(Table1)andcouldbe
usedtolocateoroutlineconfinedsources(N=0),verticalpipesand
horizontal cylinder (N = 1), intrusive bodies (thin layer, dyke, etc.
N=2), and contacts (N=3)with remarkable accuracybydiscrim-
inatebetweendifferentsourceshapes.Thedepthestimateobtained
from Euler deconvolution is as shown in Fig. 5, and the corre-
sponding radially average power spectrum is as in Fig. 6. For
quick, easy, and automatic estimation of the source depth to cor-
roborate thatofEulerdeconvolutionandpowerspectrum,SPIwas
applied to the gridded data. Themethod estimates the depth from
the local wavenumber of the analytic signal and requires second
derivativesof theanomaly field,definedas thespatialderivativeof
the local phase (Nabighian1972;Thurstonet al. 2002;Salemet al.
2008). The resulting image is shown in Fig. 7.

Gravity data processing

The gravity readings were corrected for drift caused by the
time-dependent mechanical changes within the LaCoste–

Romberg gravimeter. The instrument drifts were computed
between baseline ties, chosen to be the junction of Agbado-
Okudu and the Lokoja-Jakura Marble Quarry Road at an ele-
vation of 308.82 m. Elevation correction was done, using the
World Geodetic System 1984 (WGS 84) on Geosoft Oasis
Montaj 6.42 (HJ). Free air correction and Bouguer corrections
were also applied for effect of masses lying between gravity
point and the geoid’s (Telford et al. 1990). The Bouguer
anomally forms the basis for the interpretation of gravity data
on land. The terrain correction could not be determined due to
problem of accessibility in the study area, and its computation
requires detailed knowledge of relief near all measured sta-
tions and topographic map (contour interval of 10 m or small-
er) that extends considerably beyond the survey area (Dobrin
and Savit 1988). A resulting gravity residual anomaly map
(Fig. 8) was prepared from residual values obtained for each
station using a second-order polynomial curve fitting along
each of the gravity, and the corresponding magnetic anomalies
and depth to magnetic sources are depicted in Fig. 9. Magnetic
parameters K:tan−1 b

37:5

� � ¼ 0:3703 and Kt = 16.34 have also
been calculated using general equations for a dyke and thin
sheet, respectively (Telford et al. 1976).

K magnetic susceptibility
b width of top of dyke

�Fig. 5 Depth estimate with Euler deconvolution plot at different
structural index obtained from the residual magnetic intensity map. a
SI = 0.0. b SI = 1.0. c SI = 2.0. d SI = 3.0

Fig. 6 Radially averaged power
spectrum and depth estimate from
spectral analysis plot of the area
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t thickness of thin sheet
tan−1 b

37:5

� �
angle substended by top of dyke at the surface

Interpretations and discussion of results

Basement mapping

The color-shaded RMI map of the area shown in Fig. 3a re-
vealed positive magnetic anomalies ranging from 9.2 to
19,079.9 gamma characterized the central, southern, and north-
eastern region; while negative magnetic anomalies ranging be-
tween − 11.1 and − 5653.3 gamma characterized the north cen-
tral, eastern, and southwestern part of the map. It showed no
significant modification of the original vertical magnetic anom-
alies. They are consistent in pattern, trend, and amplitude. Avery
close study of the RMI map revealed an alternating positive and
negativemagnetic values, which suggests contrasting rock types
in the basement of the area, interpreted as two causative bodies
for the anomaly recorded viz.; the primary cause depicted with
pink–red color and marked anomalies a, b, c, d, and e, while the

secondary causes are illustrated with blue–green color and
marked g, h, i, and j anomalies. The primary cause is prominent
and better emphasized, has a positive anomaly, strike roughly in
the north–south azimuth, and is associated with the gneiss com-
plex lithologic basement units. It coincided with the units repre-
sented on the geologic map as granite gneiss, biotite gneiss, and
pelitic gneiss. The secondary causes are indicated by pockets of
slightly elongated negative anomalies, suggesting the older
granitoids and quartzitic intrusion, and trending northeast–
southwest orientation. The iron ore outcrops perfectly correlate
with the area of positive magnetic anomalies and region of high
gravity anomalies in the color-shaded anomaly map (Fig. 8).
The gravity anomaly ranged from − 15.5 to − 1.7 mgal, and
its corresponding sections (Fig. 9) showed three major anomaly
categories; types A, B, and type C. The type A and B anomalies
trend roughly N–S and NE–SW, respectively which correlate
with the primary and the secondary causative bodies, recognized
from the magnetic map (Fig. 4). The anomaly type C, which is
roughly circular to oblate in the NW corner of the map, and the
A type in the SW and SE corners of the map are very poorly
reflected on the magnetic map.

a b
Fig. 7 Depth estimate plots. a Source parameter image. b Euler deconvolution at SI = 3 of the study area
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Depth to basement

The Euler results from the magnetic data analysis showed in
Fig. 5 revealed that the SI = 0, 1, 2, 3 are solutions for the
modeled geologic features as there are tightest clusters along
some notable anomalies inferred to make the ore outcrops in
the central, southern, and northeastern corner of the study area.
The estimated depth to basement around Agbado-Okudu iron
ore from Fig. 5 ranged between ≤ 0.0 and ≥ 2.0 m. Possible
depth solutions from the Euler deconvolution correspond to
basement rock contact, intrusive bodies (sill/dyke), horizontal
cylinder, and sphere geological model (Table 1). The radially
average power of spectral analysis in Fig. 6 showed average
depths of source assemblage as ≤ 2.0 m while the source pa-
rameter imaging technique estimated the depth range between
0.0 and 6.0m. Calculated depth from gravity anomaly (typeA)
in the profiles A and I (Fig. 9) range within 37.5 ± 11.25 m or
50 m and 45 ± 13.50 m or 60 m and assuming their responses
to be that a vertical thin rod or horizontal cylinder. Profile D
showed anomaly type C, which indicates the response of a
semi-infinite horizontal sheet (or a faulted half plane) and has

been calculated to have a thickness of about 24 m. This corre-
sponds to the estimated depth of ≥ 50.0 m and correlates with
the result of Euler deconvolution.

Structural framework

The suitability of total horizontal derivative and analytic sig-
nal amplitude for mapping contacts of vertical bodies at max-
imum amplitude has been established (Fairhead et al. 2007;
Salem et al. 2008; Paananen 2013). The lineament that re-
vealed the subsurface features was extracted from the THDR
map (Fig. 10) using Surfer 11 Geosoft and shows prominent
(79%) NW–SE orientation and some (21%) E–Worientation.
The lineaments were superposed on the residual magnetic
map (Fig. 10), and displacement in the linear features revealed
the block rotation in clockwise and anticlockwise directions,
which has been interpreted as dextral and sinistral faults, re-
spectively. The faults correlate with the lateral displacement
inferred from break in continuity of the relatively low positive
anomaly values, enclosed in the roughly parallel zero contour
lines between profiles B, C, and D in southern part of the area.

Fig. 8 Color-shaded residual
gravity map showing gravity
anomalies of the study area
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The variation in the magnetization of the magnetic sources,
highlights of discontinuities, and anomaly texture were accen-
tuated by the analytical signal derivative map (Fig. 4a), which
indicates that the lineaments are within shallow sources with
high amplitude range between 7562.4 and 159,635.4 ɣ/m.

The gravity anomaly on profile G (Fig. 9) is a representative
section across the probable primary causative bodies which has
been inferred to indicate the response of a horizontal or very
gentle dipping (towards the East) dyke with a strike length of
about 600 m. On top of this dyke, the width ranges from 110 to
130 m. The section on profile I with its two prominent positive
peaks also indicates a response of two bands of horizontal or
gently dipping dykes. Anomaly section on profile D (Fig. 9) be-
longs to the secondary causes and has been taken to represent a
vertical or near vertical sheet (or dyke) with an infinite depth
extent. A depth (to top) of 37.5 m (if a dyke) and depth range of
41.67–46.86m (if a sheet) have been calculated for this body.

Conclusions

A combined interpretation of the magnetic and gravity data
obtained at Agbado-Okudu has been attempted using manual
analysis and Geosoft Oasis Montaj 6.4.2 (HJ) data processing
and analysis software. The results of the interpretation re-
vealed the distribution of concealed iron ore formation, depth
to magnetic sources, basement structures, boundaries, and
lithologic contacts within the study area. The contrasting mag-
netic values from the residual magnetic intensity ranging be-
tween 9.2 to 19,079.9 gamma and − 11.1 and − 5653.3 gamma
revealed two possible causative bodies; the primary cause
which is prominent and better emphasized has a positive
anomaly, associated with various basement rock types; and
the secondary causes which are indicated by pockets of slight-
ly elongated negative anomalies, associated with pegmatitic
and quartzitic intrusion.

Fig. 9 Modeled profiles and estimated depths along the iron ore deposit showing sections across magnetic and gravity anomalies
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The iron ore outcrops perfectly correlate with the area of posi-
tive magnetic anomalies and fault geologic features obtained
through lineaments extracted from the total horizontal derivative
map. The gravity anomalies indicate the iron ore outcrop as a
horizontalorgentlyeastdippingdyke,distributedwithinthenorth-
eastern, north central, to southern portion of the study area and
existing at shallow depth range of≤ 2 to 24m and relatively deep
range of 37.5 to 60m.

The mode of occurrence and associated geologic features of
Agbado-Okudu iron ore formation has been deduced from the
analysis and interpretationof itsmagnetic andgravitydata. In the

light of the foregoing, vertical boreholes are recommended with
depth range of 50–100 m at BH1 around 720 m on profile C,
BH2 at 1040 m on profile D, BH3 at 640 m along profile A,
BH4 at 720 m along profile G, BH10 at 400 m on profile I, and
BH5,BH6, andBH7at 760m,1080m, and1160monprofileH,
respectively.Aboreholeat760monprofileF is recommended to
determine the depth to the top of the secondary causative body
which has been calculated to be between 41.6 and46.88mwhile
BH6, BH7, and BH10 have been recommended to establish the
cause of the anomalies indicated at the SW, SE, andNWcorners
of the gravitymap.

Fig. 10 Magnetic lineament
classification and faults map of
the study area
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