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1. Introduction

Mining of the sulfide minerals in Abakaliki area of
southeastern Nigeria started in the early nineteenth centu-
ry culminating a total of 9000 tons of lead ore and 1000
tons of zinc ore mined during the peak periods between
1946 and 1974. Various geophysical and geochemical
methods have been used in prospecting for economic sul-
fide lodes in the area. However, very low frequency (VLF)
geophysical method was only recently used "*.. The VLF
method is a classic electromagnetic method that has been

used worldwide for decades as a geophysical prospecting
3, 4

5,6,7,8,9,10, 11, 12, 13 . . .
tool ! Electrically conductive miner-

*Corresponding Author:
A. A. Adepelumi,

A priori geologic and geophysical information has been used to construct
conceptual VLF experiments on conductively and inductively coupled
overburden geological models of the lead-zinc (Pb-Zn) mineralization zone
found in southeastern Nigeria. This is based on the finite element approach
to (1) simulate different geologic situations of overburden occurrence, (2)
examine the roles played by overburden in modifying and masking VLF
responses of a buried conductor target, and (3) confirm the effectiveness
of VLF method in mapping lead-zinc lodes found in sedimentary terrains.
The computed theoretical model curves and field examples are expected
to serve as guide for VLF anomaly pattern recognition due to overburden
thickness, resistivity and width of conductor in similar terrain as the study
area.

alized zones are generally more conductive than the host
rocks in which they are emplaced, so ore targets can be
delineated with ease using the VLF method > ' The
method is attractive to mineral explorationists because of
its cost-effectiveness, speed of operation and portability of
the equipment "> '% " 17 1%,

One of the up-hill tasks usually encountered while in-
terpreting acquired VLF data is differentiating between
anomalies caused by the ore bodies and conductively cou-
pled overburden EM anomalies that are usually regarded
as geological noise. On the other hand, EM signatures of
promising anomalous zones are often masked by induc-
tively coupled overburden leading to quantify such zones
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as non-promising and/or non-economic. For example, !
reported lack of continuity of VLF response along some of
their profiles despite the fact that the area is known to be
highly mineralized. So, we deem it necessary to conduct
numerical VLF model studies in order to investigate the
roles played by overburden in masking and/or modifying
the VLF response of a buried mineralized target and the ef-
fect of ore size to VLF signatures. Although several authors
in the past have studied the effect of a uniform overburden
on EM responses of a basement conductor "' ***"** no
one has investigated VLF responses of conductors found in
sedimentary terrain having similar geology to our research
site in Nigeria. We hope that the geometry of the synthetic
models will simulate the exploration target and serve as a
guide in identifying such anomalous bodies in field situa-
tions specific to the study area in the southeastern Nigeria.

2. Geological Settings

The Abakaliki sulfide mineralization is found within
the Cretaceous shales of the Asu River Group in the lower
part of the Benue trough of Nigeria **\. The Asu River
Group represents the earliest sediments (shale and san-
dy-shale) that were deposited unconformably on the sub-
siding basement topographical depressions during the first
marine transgressions into the trough ****. The emplace-
ment of the mineralization is thought to be tectonically
controlled **'. The primary minerals constituting the lode
are galena and sphalerite while the secondary minerals
include pyrite, siderite, marcasite, limonite and quartz ",
Formation temperature of the mineralization has been esti-
mated to be about 140 °C while its origin is hydrothermal.
Source of the lead mineralization is the detrital alkali feld-
spars which were eroded from the Precambrian basement
and re-concentrated °*, The age of the mineralization is
generally agreed to take place at the end of the Santonian
(27,28, 2%. 21 According to ¥, the formation of the mineral-
ization took place in three distinct stages: (1) pre-ore frac-
turing and brecciation of Albian shales accompanied by
the precipitation of framboidal and colloform aggregates
of pyrite, siderite and quartz; (2) ore stage formation of
sphalerite, galena, copper bearing minerals; and (3) final
deposition of octahedral galena, sphalerite, bravoite and
marcasite in the hanging wall of the veins.

3. The VLF-EM Overview

The VLF-EM principle is based on receiving and inter-
preting transmitted long distance electromagnetic signals
from mainly military and navigation radio transmitters
around the world. The frequency ranges can be very low,
3-30 kHz and low, 30-300 kHz P”. The remote transmit-
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ter radiates two-component primary EM field - a vertical
electric field component and a horizontal magnetic field
component each perpendicular to the direction of propa-
gation. These fields induce electric currents in conductive
bodies lying below earth’s surface to produce secondary
magnetic fields that can be detected at the surface through
deviation of the normal radiated field by the VLF receiv-
er ' One part of the secondary field oscillates in-phase
(real component) and the other part oscillates out-of-phase
(imaginary) with respect to the primary field *>** ", The
oscillation traces an elliptic polarization of the primary
field whose penetration depth depends on the transmitter
frequency and the electric resistivity of the ground gov-
erned by skin depth relation:

Y
5= 503(?} , (1)

where p is the electrical resistivity in Qm, f is the fre-

quency in Hz and § is the skin depth in meters **°’.

4. Numerical Modelling of VLF Data

We evaluate, through numerical modeling experiments,
the VLF responses due to moderate overburden layer of
uniform thickness, moderate conductivity, and finite lat-
eral extent which is in galvanic contact (Model 1), and
non-galvanic contact (Model 2), with a vertical planar
conductor (ore-body) lying below it. This is because elec-
tromagnetic conductors of interest may be overlain by a
partially conducting overburden layer which maybe or not
in galvanic contact “" with the underlying mineralized
lead-zinc ore-body. The modeling is carried out with the
sole aim of obtaining better insight into characteristics of
the VLF responses that will help in explaining the possi-
ble role played by overburden in masking VLF responses
when the overburden is conductively, and inductively
coupled to the underlying ore body target. The working
assumption is that the VLF signal of frequency 16 kHz
from the transmission station at Great Britain is detect-
able in the study area ). The first set of VLF responses of
interest is (1) the tilt angle (¢), which is the inclination of
the major axis of the polarization ellipse, and (2) elliptici-
ty (e) known as the ratio of the minor to the major axis of
the ellipse "' using relations proposed by *°.

{14 o
)
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where H, and H, are the amplitudes, the phase differ-
ence Ap = ¢, - ¢, in which ¢, is the phase of H, and ¢, is
the phase of H,and H,=| H.e"’sind + Hcos |, In-
terpretation is based on ”*' that showed that the inflection
point of the tilt-angle and ellipticity signature will centre
right on top of the conductor and the separation of the
peak-peak amplitude of the response is an indirect indica-
tor of the depth of burial of the conductor. The second set
of VLF responses is the apparent resistivity (p,) and the
corresponding phase angle (¢) Pl using the relations pro-

40,41]

posed by 1 *!:
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where o the angular frequency of the VLF primary is
field and u is the magnetic permeability of the subsur-
face 1. Low resistivity zones are interpreted as possible
fracture zones. The third set is the computation of equiv-
alent current density (equation 6) for the conductive and
inductive overburden models by linear filtering " of the
real component of the secondary field. The filtering was
by using the program developed by KIGAM “** to show
the distribution of current with depth and the effect of
overburden variation on the detectability of the conductor.
This process leads to enhancement of anomalous signa-
ture, provides indication of current concentrations and
spatial distribution that approximately reflect the depth
and location of subsurface conductor ****,

27(~0.102- H_, +0.059- H_, —0.561- H_, +0.561- H, —0.059 - H, +0.102- H,)

10)-

z

(6)

where /, is the equivalent current at a specific position
and depth z; H, through H; are the originally computed
synthetic VLF data.

The models used in the study closely approximate
the electric structure beneath the survey lines used by '
where the ore-body is either 10 m or 20 m wide ****! and
has 30 m length (Figure 2). A resistivity value of 0.01 Qm
was assigned to the lead-zinc lode based on the conduc-

Distributed under creative commons license 4.0

tivity of the lode obtained by " **. The ore is considered

to have a dip angle of 90°'"*" and embedded in a half-
space of resistivity 40 Qm overlain by an overburden of
changing resistivity values between 50 and 500 Qm * | A
200 m long survey line was considered and all responses
of the mineralized zone are computed at a fixed frequency
of 16 kHz every 2 m using a 100-mesh in x-direction and
30-mesh in y-direction making a total of 3000 elements.

Makurdi o) w

Oturkpo ,,é hko”
S 4
IR Lead-Zinc
Abakal ’I,k{ﬂ/,x | sediments
4 ;j:"' Basement

0 80 km
Figure 1. An illustrative description of the Lead-Zinc

mineralization of the southeastern Nigeria (modified after
Cratchley and Jones, 1965).

Thickness of dry weathered shale
and sandy-shale overburden

Depth to
Width of Conductor conductor
Model1
Galvanic contact R

(conductive coupling) Non-galvanic contact

(inductive coupling)
Black shale (Host-rock)

Figure 2. Description of the model configuration. A
finitely conducting ore-body overlain by (1) conductively
coupled and (2), inductively coupled uniform overburden

layer.

4.1 Model 1 — Conductively Coupled

The ore-body with resistivity of 0.01 Qm was allowed
to have galvanic contact (conductively coupled) with the
overburden of 10 m, 20 m and 30 m thickness and a host
rock resistivity of 40 Qm while the polarization parame-
ters (apparent resistivity, phase, tilt and ellipticity) were
computed for changes in overburden resistivity at 50, 100,
200 and 500 Qm respectively.

4.2 Model 2 — Inductively Coupled

The ore-body was fixed at a depth of 4 m inductively
coupled with overburden layer of 50 Qm resistivity and
changing thickness of 10 m, 20 m and 30 m. The resistiv-
ity values of the host rock and the ore body are the same
as in model 1. These resistivity values correspond to those
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of the weathered shale and sandy-shale found in Abakaliki
area. While keeping these parameters constant, the polar-
ization parameters were computed for ore-body width of
10 m and 20 m respectively.

5. Results and Discussion

5.1 The VLF Synthetic Polarization Responses

Figure 3 and 4 show the various curves of the VLF
synthetic polarization responses for models 1 and 2. For
model 1 (Figs. 3a, b, ¢ and d), the conductor is conduc-
tively coupled with overburden (galvanic contact), where
the resistivity of the overburden varies as 50 Qm, 100
Qm, 200 Qm and 500 Qm respectively. For model 2 (Figs.
4a and 4b), the conductor is inductively coupled with the
overburden (non-galvanic contact). All the polarization
parameters, that is, apparent resistivity (expressed in Qm),
phase (expressed in degrees), tilt angle and ellipticity (ex-
pressed in percentages) have distinct and diagnostic char-
acteristics of the buried conductor at different resistivity
values and thicknesses of the overburden. Tables 1 and 2
summarize the polarization parameters for models 1 and 2
respectively.

5.1.1 Model 1 - Overburden Resistivity of 50 Qm

Figure 3a shows the curves of the polarization parame-
ters for overburden resistivity of 50 Qm. At 10 m of over-
burden, the resistivity values across the buried conductor
vary between 17.68 and 48.79 Qm with an amplitude dif-
ference of about 31.12 Qm. The lowest value is centered
on the conductor and the highest values are representative
of the host rock. The phase values vary between 46.94 and
77.96 degrees with amplitude of about 31.03 degrees. The
peak of the curve is centered on the conductor. The tilt
values vary between -8.49% and 8.54% with a difference
of about 17.03%. The crossover point from the positive
peak to negative peak is centered on the conductor. The
ellipticity values vary between -0.18% and 0.18% with a
difference of 0.36%. Similar to the tilt, the crossover point
from the positive peak to negative peak is centered on
the conductor. At 20 m of overburden, resistivity values
vary between 49.16 and 54.33 Qm with a reduced interval
(about 5.16 Qm) compared to 10 m overburden thickness.
Similarly, the phase values vary between 46.31 and 61.48
degrees with a reduced interval of 15.17 degrees. The
tilt varies between -1.59% and 1.59% with an interval of
3.17% while the ellipticity varies between -0.08% and
0.08% with an interval of 0.15%. At 30 m of overburden,
the resistivity varies between 50.72 Qm and 57.99 Qm
with an interval 7.27 Qm. The resistivity distribution at
this depth is different from those at 10 and 20 m over-
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burden in that the peak of the curve is centered on the
conductor indicating that the resistivity of the conductor
is completely masked at greater depth. The phase varies
between 45.31 and 50.22 degrees with a reduced inter-
val of 4.92 degrees. The tilt varies between -1.31% and
1.32% with an interval of 2.63% and the ellipticity varies
between -0.02% and 0.02% at an interval of 0.04%. The
crossover points between the positive peaks and negative
peaks are centered on the conductor. The tilt curve at this
depth shows reverse shape compared to shallower depths.
The reduction in the range (interval) of values of the po-
larization parameters at 20 m and 30 m is an indication of
VLF attenuation/masking/screening at greater depths.
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Station number Station number
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Figure 3a. Computed polarization parameters for a
buried conductor model 1 for overburden resistivity of
50 ohm-m, and overburden thicknesses of 10, 20 and 30
m. The upper left panel show resistivity a(i), upper right
panel show phase a(ii), lower left panel show the tilt an-
gle a(iii) while the lower right panel show the ellipticity
a(iv).

5.1.2 Model 1 - Overburden Resistivity of 100 Qm

Figure 3b shows the polarization parameters for over-
burden resistivity of 100 Qm. The resistivity across the
buried conductor varies between 18.64 and 64.58 Qm
with amplitude of about 45.94 Qm at 10 m. It varies be-
tween 65.41 and 88.18 Qm with a difference of 22.79 Qm
at 20 m; and varies between 99.50 and 105.95 Qm with a
difference of 6.44 Qm at 30 m. Clearly amplitude of the
resistivity is decreasing with increasing depth. The phase
varies between 52.60 and 81.60 degrees with a difference
of 29.01 degrees at 10 m. It varies between 52.93 and
70.77 degrees with a difference of 17.83 degrees at 20 m
and varies between 50.60 and 59.94 degrees with a differ-
ence of 9.34 degrees at 30 m. The peaks of the curves are
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centered on the conductor. The tilt varies between -10.68
and 10.95% with a difference of 21.63% at 10 m. It varies
between -2.38 and 2.35 with amplitude difference of 4.73%
at 20 m and varies between -1.16 and 1.16% with ampli-
tude difference of 2.33% at 30 m. The crossover points
from the positive peak to negative peak are centered on
the conductor. Apart from reduction in amplitude at great-
er depths, the tilt curve at 30 m is reversed possibly due to
masking by the overburden. The ellipticity varies between
-0.17 and 0.18% with amplitude difference of 0.36 at 10 m.
It varies between -0.10 and 0.10 with a difference of 0.20
at 20 m and varies between -0.05 and 0.05 with difference
0f 0.09 at 30 m. Similar to the tilt, the crossover points be-
tween the positive and negative peaks are centered on the
conductor.
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Figure 3b. Computed polarization parameters for a bur-
ied conductor model 1 for overburden resistivity of 100
ohm-m, and overburden thicknesses of 10, 20 and 30 m.
The upper left panel show resistivity b(i), upper right
panel show phase b(ii), lower left panel show the tilt an-
gle b(iii) while the lower right panel show the ellipticity
b(iv).

5.1.3 Model 1 - Overburden Resistivity of 200 Qm

Figure 3¢ shows the polarization parameters for over-
burden resistivity of 200 Qm. The resistivity across the
buried conductor varies between 19.07 and 74.70 Qm
with a difference of about 55.63 Qm at 10 m. It varies
between 74.03 and 117.18 Qm with a difference of 43.15
Qm at 20 m; and varies between 139.84 and 160.93Qm
with a difference of 21.09 Qm at 30 m. Again, the am-
plitude of the resistivity is decreasing with increasing
depth. The phase varies between 56.39 and 83.56 de-
grees with a difference of 27.17 degrees at 10 m. It var-
ies between 59.34 and 77.07 degrees with a difference
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of 17.74 degrees at 20 m and varies between 58.30 and
69.62 degrees with a difference of 11.32 degrees at 30
m. The peaks of the curves are centered on the conduc-
tor. The tilt varies between -11.79 and 12.12% with a
difference of 23.90% at 10 m. It varies between -4.10
and 4.09% with amplitude difference of 8.189% at 20
m and varies between -1.09 and 1.07% with amplitude
difference of 2.15% at 30 m. The crossover points from
the positive peak to negative peak are centered on the
conductor. There is no reversal of the tilt curve at 30 m
compared to previous one. The ellipticity varies between
-0.17 and 0.17% with amplitude difference of 0.34%
at 10 m. It varies between -0.10 and 0.10% with a dif-
ference of 0.20% at 20 m and varies between -0.06 and
0.06% with a difference of 0.13 at 30 m. The crossover
points between the positive and negative peaks are cen-
tered on the conductor.
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Figure 3c. Computed polarization parameters for a bur-
ied conductor model 1 for overburden resistivity of 200
ohm-m, and overburden thicknesses of 10, 20 and 30 m.
The upper left panel show resistivity c(i), upper right
panel show phase c(ii), lower left panel show the tilt an-
gle c(iii) while the lower right panel show the ellipticity
c(iv).

5.1.4 Model 1 - Overburden Resistivity of 500 Qm

Figure 3d shows the polarization parameters for
overburden resistivity of 500 Qm. The resistivity across
the buried conductor varies between 19.29 and 81.50
Qm with a difference of about 62.21 Qm at 10 m. It
varies between 78.54 and 139.41 Qm with a difference
of 60.87 Qm at 20 m; and varies between 163.31 and
211.47 Qm with a difference of 48.16 Qm at 30 m. The
amplitude of the resistivity is decreasing with increas-
ing depth. The phase varies between 59.04 and 84.78

DOI: https://doi.org/10.30564/jgr.v3i1.2809 43



Journal of Geological Research | Volume 03 | Issue 01 | January 2021

degrees with a difference of 25.74 degrees at 10 m. It
varies between 64.74 and 81.43 degrees with a differ-
ence of 16.69 degrees at 20 m and varies between 66.45
and 77.77 degrees with a difference of 11.32 degrees at
30 m. The peaks of the curves are centered on the con-
ductor. The tilt varies between -12.45 and 12.83% with
a difference of 25.28% at 10 m. It varies between -5.28
and 5.31% with amplitude difference of 10.59% at 20
m and varies between -2.38 and 2.38% with amplitude
difference of 4.76% at 30 m. The crossover points from
the positive peak to negative peak are centered on the
conductor. There is no reversal of the tilt curve at 30
m compared to previous one. The ellipticity varies be-
tween -0.16 and 0.17% with amplitude difference of
0.33% at 10 m. It varies between -0.10 and 0.10% with
a difference of 0.19% at 20 m and varies between -0.07
and 0.07% with a difference of 0.13 at 30 m. The cross-
over points between the positive and negative peaks are
centered on the conductor.
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Figure 3d. Computed polarization parameters for a bur-
ied conductor model 1 for overburden resistivity of 500
ohm-m, and overburden thicknesses of 10, 20 and 30 m.
The upper left panel show resistivity d(i), upper right
panel show phase d(ii), lower left panel show the tilt an-
gle d(iii) while the lower right panel show the ellipticity
d(iv).

5.2 Model 2 - Overburden Resistivity of 50 Qm

Figures 4a and 4b show the polarization curves for
the inductively coupled model of overburden resistivity
50 Qm with a conductor buried at 4 m below the over-
burden. Figure 4a is specifically for conductor width of
10 m while Figure 4b is for conductor width of 20 m.
Similar anomaly patterns and shapes are observed over
the buried ore-body as in conductive model at the same
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overburden resistivity of 50 Qm (Fig. 3a) except for
some differences. First, the amplitude of the resistivity is
higher in the inductive model than the conductive model
at the same overburden thickness. This is expected be-
cause for the conductive model, there is contact with the
overburden but there is no contact with the overburden
in the inductive model. The space of no contact is a low
conductivity space for the inductive model which in
turn increases resistivity. Second, the behaviour of the
phase is the reverse of that of the resistivity in that the
amplitude of the phase is higher in conductive model
(Fig. 3b(i)) than the inductive model (Fig. 4b(i)) for the
same overburden thickness. Third, the tilt amplitude in
the inductive model is higher than that of the conductive
model while the ellipticity values of the two models
are about the same. When the width of the conductor
is increased to 20 m, the same anomaly patterns of the
polarization parameters are obtained with the fact that
all the shapes of all the polarization parameters become
broader, larger and pushed apart (Fig. 4b) compared
to (Figs. 3a and 4a). These results clearly indicate that
VLF signatures are influenced by the dimension of the
ore-body such that large ore size will produce broad
anomaly signature and vice-versa. Table 2 summarizes
the polarization parameters for the inductively coupled
model. The differences observed in the amplitudes of
polarization parameters may be due to VLF screening by
the overburden %',
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Figure 4a. Computed polarization parameters for a
buried conductor model 2 for overburden resistivity of
50 ohm-m, and overburden thicknesses of 10, 20 and 30
m. The upper left panel show resistivity a(i), upper right
panel show phase a(ii), lower left panel show the tilt an-
gle a(iii) while the lower right panel show the ellipticity
a(iv).
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sistivity of the overburden for all depths (comparing Figs.
3a(iii), 3b(iii), 3c(iii) and 3d(iii)) except at 30 m where
there is slight decrease. There is a slight decrease in the
ellipticity amplitude as the resistivity of overburden is
increasing for all depths (comparing Figs. 3a(iv), 3b(iv),
3c(iv) and 3d(iv)). For all polarization parameters, the
largest amplitude occurs at overburden thickness of 10 m
where the signal is much more enhanced and diagnostic

18 o 0"; aom than at deeper depths. This is so because the conductor is
10 =a=20m o = m closer to the surface. This general decrease in amplitude
,\;5 %.05 is possibly due to attenuation of the VLF field by the
?—::o [ pre— go 25 increasing overburden thickness thus leading to modifica-
* = tion and masking of the VLF responses of the underlying
'1: b(iii) 015 h(iv) conductor. These results show that both the thickness and

0.
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-1
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Figure 4b. Computed polarization parameters for a
buried conductor model 2 for overburden resistivity of
50 ohm-m, and overburden thicknesses of 10, 20 and 30
m. The upper left panel show resistivity b(i), upper right
panel show phase b(ii), lower left panel show the tilt angle
b(iii) while the lower right panel show the ellipticity b(iv).

In general, the results indicate that the higher the resis-
tivity of the overburden, the higher and more separated
the amplitude of the resistivity (comparing Figs. 3a(i),
3b(i), 3c(i) and 3d(i)) but the lower the amplitude of the
phase at various thicknesses of the overburden (comparing
Figs. 3a(ii), 3b(ii), 3c(ii) and 3d(ii)). The values of the
phase increasingly overlap at increasing resistivity values
at increasing depth. The tilt increases with increasing re-

resistivity of the overburden definitely affect the VLF re-
sponses that are obtained in such environment. Tables 1
and 2 summarize the polarization parameters for the con-
ductively coupled model and inductively coupled model
respectively.

A noticeable observation is the enhancement of the
ellipticity more than tilt angle response which may be due
to current channeling “°. The galvanic contact between
the buried ore-body and the overburden allows induced
currents flow directly into the buried target. These cur-
rents are concentrated mainly in the out-of-phase com-
ponents from the overburden, whereby the quadrature
response exhibits greater enhancement than the in-phase
response. Due to sharp attenuation in the surrounding me-
dium and in the overburden, the tilt angle anomaly decays

Table 1. Polarization parameters for Model 1

Resistivity (Qm) Phase (degree) Tilt (%) Ellipticity (%)
Overburden (m) 10 m 20 m 30 m 10 m 20 m 30 m 10 m 20 m 30 m 10 m 20 m 30 m

Overburden resistivity 50 Qm

Minimum 17.6838 49.1637 50.7172 46.9356 46.3086 453064 -8.49317 -1.58596 -1.31369 -0.1775 -0.0757 -0.0194

Maximum 48.7902 54.3286 57.9888 77.9628 61.4753 502227 8.54294 1.58629 131522 0.1839  0.0757 0.0193

Amplitude 31.1064 5.1649 72716 31.0272 15.1667 49163 17.03611 3.17225 2.62891 0.3615 0.1515 0.0387
Overburden resistivity 100 Qm

Minimum 18.6439 6541  99.5045 52.5995 52.9348 50.6028 -10.6806 -2.38224 -1.16452 -0.1741 -0.0972 -0.0472

Maximum 64.5836 88.1977 105.946 81.6048 70.7667 59.9395 10.9492 234536 1.16487 0.1811  0.0979  0.0472

Amplitude 45.9397 227877 6.4415 29.0053 17.8319 9.3367  21.6298  4.7276  2.32939 0.3552  0.1950 0.0944
Overburden resistivity 200 Qm

Minimum 19.0672  74.0256 139.837 56.3922 59.3367 582969 -11.7781 -4.0973  -1.0789 -0.1671 -0.1004 -0.0630

Maximum 74.6968 117.179 160.931 83.5608 77.074 69.6217 12.1193  4.0917 1.0689  0.1735 0.1016  0.0632

Amplitude 55.6296 43.1534 21.094 27.1686 17.7373 11.3248 23.8974 8.189 2.1477  0.3406 02019 0.1262
Overburden resistivity 500 Qm

Minimum 19.2858 78.5419 163.307 59.0416 64.7409 66.4451 -12.4533 -5.2844  -2.3802 -0.1597 -0.0958 -0.0654

Maximum 81.4968 139.413 211.469 84.7836 81.4337 77.7679 12.8311 5.3098 23766  0.1664 0.0972  0.0658

Amplitude 62211 60.8711 48.162 25742 16.6928 11.3228 252844 10.5942 47568  0.3261 0.1929 0.1312
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Table 2. Polarization parameters for Model 2

Resistivity (Qm) Phase (degree) Tilt (%) Ellipticity (%)
Overburden (m) 10 m 20 m 30 m 10 m 20 m 30 m 10 m 20 m 30 m 10 m 20 m 30 m
Conductor width is 10 m; Overburden resistivity is 50 Qm; Conductor is 4 m below the overburden
Minimum 18.6776  57.1934 612898 54.7593 54.6243 54.4717 -10.668 -1.2755 -1.2682 -0.1688 -0.0823 -0.0224
Maximum 63.8797 66.3554 69.8971 83.3909 70.5144 59.5018 10.9484 12772 12698 0.1756  0.0825  0.0223
Amplitude 452021  9.162 8.6073  28.6316 15.8901 5.0301 21.6164 2.5527 2.5381 03443  0.1648  0.0448
Conductor width is 20 m; Overburden resistivity is 50 Qm; Conductor is 4 m below the overburden
Minimum 15.0397 53.1639 61.3067 54.7801 54.6371 54.4688 -12.2005 -1.5754 -1.4892 -0.1741 -0.1888 -0.0992
Maximum 63.7606 66.3253 71.0254 859187 73.9432 61.2662 12.5054 1.5350  1.4905  0.1811  0.1966  0.0996
Amplitude 48.7209 13.1614 9.7187 31.1386 19.3061  6.7974  24.7059  3.1104 2.9797 03552 0.3855 0.1988

more rapidly compared to ellipticity as depth is increased.
Moreover, at depth 30 m (representing large depths) for
overburden resistivity of 100 Qm and below (more con-
ductive than 200 and 500 Qm), the tilt angle changes sign
(Figs. 3a(iii), 3b(iii), and 4a(iii)). "’ showed that phase
shifts leading to a total reversal of the in-phase response
are common with VLF data acquired in a weathered or
conductive terrain. The symmetricity of the shapes of the
polarization parameters indicates the existence of a verti-
cally dipping structure. The central low resistivity, central
high phase values and cross overs of both the tilt and el-
lipticity curves at station 50 reflect the position and top of
the buried ore-body. The buried ore-body that has direct
galvanic contact with the overlying overburden would
have large anomaly signature due to current channeling
than the ore-body having no galvanic contact due to cur-
rent screening. It is therefore suggested that overburden
resistivity information should be obtained using other geo-
physical methods before ruling out some VLF responses
obtained in a mineralized zone such as in the study area
as non-promising. This is necessary because of the strong
influence of overburden resistivity on the anomaly curves.
These results correlate with field results shown by ">,
5.3 Depth dependence nature of polarization pa-
rameters

Table 3 shows some specific numerical characteristics
of the polarization parameters against depth. This is to
throw more light on the relationship between the polar-
ization parameters and the depth of burial (overburden
thickness) to further explain the issue of attenuation of
VLF fields. It can be seen that as the depth of burial of
the conductor increases, the polarization parameters fall
off more rapidly in model 2 (non-galvanic) than in model
1 (galvanic). This shows that the induced currents in the
overburden are actually channeled to the buried conduc-
tor when there is a galvanic contact with the overburden
hence the polarization parameters are more enhanced in
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model 1. It is not so when there is no galvanic contact
between the two bodies therefore model 2 seems to have
less amplitude. The ellipticity signature exhibits a distinct
anomaly signature in this environment because it falls
off less rapidly with depth than the tilt angle anomaly for
both models. This suggests that ellipticity VLF signature
should be used along with the conventional in-phase com-
ponents when prospecting for conductive mineralization
found in such environment as the study area. By doing
this, mineral prospects could be better detected, evaluated
and quantified. Lastly, it is seen that thick overburden sup-
presses VLF anomaly and hence affects the detectability
of the conductor.

Table 3. Depth dependence of polarization parameters for
conductively coupled model

Depth Model 1 Model 2
h(m) | Tilt(%)  Ellipticity (%) | Tilt (%) Ellipticity (%)
6 19.79 24.47 14.87 20.23
10 12.83 16.64 10.95 17.56
20 5.31 9.72 1.28 8.25
30 2.38 6.58 1.27 2.23

5.4 Current density pseudo-sections

We have shown that overburden thickness and resis-
tivity affect the amplitude of polarization parameter sig-
natures thereby inhibiting the detectability of the buried
conductor through masking and/or screening. Figures 5
and 6 show the computed real and imaginary equivalent
current density (ECD) showing the conductivity distri-
butions with depth in pseudo-section form for various
depths (overburden thickness, z =10, 20 and 30 m). Over
the conductor, the real part of the equivalent current distri-
bution has only positive values for the two models while
the imaginary part has both negative and positive values
and the maxima of the current appear right on top of the
conductor. For each mode 1, the strength of the current
density decreases with increase in depth from 0 to 60 m.
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For model 1, there is higher variation in the range of ECD
values at 10 m, 20 m and 30 m compared to model2 due
to overburden effect. The overburden effect plays out in
both the real and imaginary components of the ECD. For
instance at 10 m, the real part ECD varies for model 1
(Figure 5a) and model 2 (Figure 6a) between 0 and 4.7%;
but at greater depth due to overburden effect, the range in
variation is higher in modell (Figs. 5b and c¢) compared to
model2 (Figs. 6b and 6¢). The concentration of the current
density shows that currents are actually induced into the
conductor and they only concentrate on top of the conduc-
tor. Similar current flow patterns are observed both for the
conductive and inductive overburden models where the
shape, location and depth of the top of the conductor are
well resolved compared to the bottom of the conductor.
This means that the closer the conductor is to the surface
the more resolving it is for both the galvanic and the
non-galvanic contacts. In all cases, the shape of the ECD
is symmetrical which indicates the dip of the conductor is
90°. The observed extended dome-shaped pattern of the
current density confirms the suggestion of ' that such
body tend to have such shape which would provide the
interpreter with information on source discrimination. In
addition, there is an observable concaving of the shape of
the imaginary component of the ECD of the conductor at
all depths of the overburden only in model2. This pattern
may help in field situations to separate such inductively
coupled conductors from the conductive ones. These re-
sults indicate that both the pseudo-sections of the filtered
real and imaginary components of the ECD serve as ef-
fective complementary views to delineate conductively or
inductively coupled buried ore-body >+,

Figure 5. Equivalent current density (ECD) pseudo-sec-
tion for the conductively coupled overburden model 1
(H-polarization mode). The left panel shows the real
component while the left panel shows the imaginary com-
ponent. The horizontal station spacing is in meters, while
ECD is in percentage (%). Overburden thickness is 10 m,
20 m and 30 m in a, b and ¢ respectively.
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Figure 6. Equivalent current density (ECD) pseudo-sec-
tion for the inductively coupled overburden synthetic
model 2 (H-polarization mode). The left panel shows the
real component while the left panel shows the imaginary
component. The horizontal station spacing is in meters,
while ECD is in percentage (%). Depth to the top of the
conductor is 10 m, 20 m and 30 m in a, b and ¢ respective-

ly.

6. Conclusions

On the basis of the numerical VLF modeling studies,
the synthetic VLF characteristics of lead-zinc lode found
in southeastern Nigeria were computed. The computed
model responses are expected to provide mineral ex-
plorers with some typical sections to aid in quick iden-
tification of the anomaly caused by such deposits found
in sedimentary terrain as the study area. The zero cross-
over point of the tilt angles and ellipticity were shown to
indicate the position of the ore-body as the inflection of
their signs from positive to negative occurs right on top
of the conductor. The minimum of the computed resistiv-
ity and maximum of the phase appear directly over the
ore body. From this study, we found out that the thick-
ness and resistivity of the overburden medium overlying
the mineralized zone coupled with the resistivity of the
host rock greatly influence the VLF responses obtained.
Combination of these factors was shown to suppress
and/or mask the signature of the buried ore target, and
hence affect the detectability of the conductor in such
terrain. The computed equivalent current distributions
for various depths using the Karous-Hjelt linear filtering
technique provide good insight about the location, depth
extent, dip, size and geometry of the conductor. The nu-
merical modeling studies suggest that VLF-EM can be
effectively used to explore lead-zinc mineralization in an
environment having similar geology as the study area af-
ter due consideration to the aforementioned experimental
scenarios.
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