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ABSTRACT

An intcgratcd surface gcophysical investigation involving resistivity and magnetic methods was carried out in the
immediate vicinity of the Ikogosi warm spring situated in south-western Nigeria with a view to delincating its subsurface
geological sequence and evaluating the structural setting bencath the warm spring, Total field magnetic measurements and
vertical clectrical sounding (VES) data were acquired along five N-S traverses. Magnetic and VES data interpretation
involved inverse modelling. The inverse magnetic models delincated fractured quartzite/ faulted arcas within fresh massive
quartzite at varying depths and beneath all traverses. The geoclectrical sections developed from VES interpretation results
also delincated a subsurface sequence consisting of a topsoil/weathered layer, fresh quartzite, fractured/faulted quartzite
and fresh quartzite bedrock. It was deduced that the fractured/faulted quartzite may have acted as conduit for the
movement of warm groundwater from profound depths to the surface while the spring outlet was located on a geological

interface (lincament).

RESUMEN

Una investigacion gcoﬁ'sica de supcrficit a partir de métodos resistivos y magncticos tue realizada en las inmediaciones de
fuentes termales de Ikogosi en el suroeste de Nigcria, para delimitar la secuencia gcol(’)gica y evaluar la estructura por
debajo de fuentes termales. Las mediciones de campo magnético total y los Sondeos Eléctricos Verticales (SEV) se
tomaronalo largo de cinco lineas transversas en direccion N-S. Se incluy(’) una modelacion inversa en la interpretacion de
los datos magncticos y resistivos (SEV). Los modelos magncticos inversos identificaron dreas de cuarcita fracturada y
fallada dentro de cuarcitas masivas frescas a diferentes profundidadcs por dcbajo de todas las transversas. Las
secciones gcocléctricas se desarrollaron a partir dela interpretacion de SEVs, que también identificaron una secuencia de
suelo/ capa meteorizada, cuarcita fresca, cuarcita fracturada y Unos estratos de cuarcita poco alterada. Se concluyo que la
cuarcita fracturada pudo actuar como conducto para ¢l flujo de las aguas subterrdncas cdlidas desde grandes
profundidades ala superficie, mientras que la fuente de salida fue localizada en una interfaz geolégica (lincamiento).
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Introduction

The Ikogosi warm spring is located in Ikogosi, south-western Nigeria

(Figurel)A The spring is a low enthalpy system, its temperature being around

The study area’s geological setting

36 °C (Oladipo er al, 2005). The geothermal system discharges a virtually
constant volume of water all year round. It is a popular national tourist
attraction. Previous studies of the warm spring have been limited to gcological
and geochemical investigations (Adegbuyi ez al, 1996 and Ajayi ez al, 1996).
The currentarticle therefore attempts to characterize the subsurface geological
layers and structures beneath this geothermal system using integrated electrical

and magnetic mCthOdSA
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The lkogosi area is underlain by south-western Nigcria’s basement
complcx rocks. The area is situated in the prc-drift mobile belt east of the
West African and Sao Luis cratons and north-east of the Congo craton
which were affected by the Pan-African orogeny (c. 600 Ma) (Fig, 1). The
entire belt lies in the reactivated region which resulted from platc collision
between the West African craton and the active Pharusian continental

margin (Burke and Dewey, 1972; Black ez al., 1979; Caby etal,1981). The
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Figure 1: Schematic map of the regional geology of north, west and central Africa showing the cratons and mobile belts (modified after Black and Liegeois. 1993)

basement complex rocks can be classified (Rahaman, 1976, 1988) into the
following major groups:

(i) migmatite gneiss-quartzite complex;

(ii) slightly migmatised to non—migmatised metasedimentary and
metaigneous rocks; and

(iii) members of the older granite suite.

The study area is underlain by a group of slightly migmatised to
non—migmatised para—schists and meta-igneous rocks. This group contains
rocks which have been previously described as being younger or newer
metasediments: the Effon Psammite formation and the associated epidiorite
schistand amphibolitc complcx. The Effon Psammite formation (Hubbard ez
al, 1966; De Swardt, 1953; Dempster, 1967; Caby and Boesse, 2001)
comprises quartzites, quartz schists and granulites which occur largely cast of
Ilesha and run for nearly 180 km in a NNE-SSW direction. There are three
varieties oliquartzite in the study area (Fig. 2); these include massive quartzite,
fissile quartzite and mica schist/ quartz schist. Geological features such as faults
and shear zones are concealed; however fractures can be identified on a few
outcrops along river vallcys and on hill tops/ slopcs. The study area consists of
rugged terrain with undulating hills and thick vegetation. The topographical
clevation determined from topographic map varics from less than 473 m in the

valleys to 549 m on the hills.

Experimental methods

The geophysical investigation was carried out within the warm spring's
immediate catchment area; it involved using clectrical resistivity and
magnetic methods. The electrical resistivity method involved using the
vertical electrical sounding (VES) technique while horizontal proﬁling was
adopted for the magnetic method. Five N-S traverses were established,
ranging in length from 500 to 600 m. The traverses orientation was
approximately normal to the suspected E«W—trending regional fault ( Figure

2); traverse-traverse scparation was 100 m.
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The magnetic method

The magnetic method measures variations in the Earth’s magnetic field
caused by claangcs in the subsurface’s gcological structure or by differences in
near-surface rocks’ magnetic propertics. When a magnetic ticld is applicd toa
material it responds l)y becoming magnetised (M); such magnetisation is a
measurement of magnetic moment per unit volume of material. The field
applied to the material is called the applied field (H) and is the total field that
would be present if the field were applied to avacuum. This applied tield (H) is
related to magnetic induction (B) which is the total flux of magnetic tield lines
through a cross-sectional area of the material, considering both lines of force
from the applicd field and from the material's magnetisation. B, H and M are

relaced l)y cquation (1)in S.I. units.
B=1, (H+M) (1)

The constant g, is the permeability of free space (47 x 107 Hm") which is
the ratio of B/H mcasured in a vacuum. Magnetic susceptibility (%) is another
important parameter demonstrating the type of magnetic material and the
strength of that type of magnetic cftect, such as magnetic permeability, M.

The rclationslaip between magnetic inductionB, magnetising force Hand

suseeptibility k, as given by Reynolds (Reynolds, 1997),is:
B, H(1+K) @
where B is in tesla, W, is free space permeability, H is given in
amperes/ metres and k is dimensionless in S units.
Magnetic measurement in the survey area

The magnetic measurements in the survey arca were made with a GSM-8
Proton Precession magnetometer; the equipment measures the Earth’s total

magnetic fieldin gamma (nanotesla). Magnetic profiling was carried out along
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Figure 2: Thelocal gcologica.l map for the area around the lkogosi warm spring showing the survey location (modified after Adcgbuyi, etal,1996)
the five traverses at 10 m intervals to achieve better resolution of near-surface variations and offset by subtracting base station rcgional magnetic tield from
gcological features, such as faults and fracture zones; 234 magnetic stations magnetic field measurements taken along the traverse at synchroniscd times.
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Figure 3: Magnctic maps showing (a) the magnetic anomaly (nT) and (b) the horizontal gradient of the total ficld (nT/m). The traverse lines arc labelled T1 to TS
while the anomalous zones and suspcctcd fault zones are marked with broken lines
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map (Figurc 3a). A low—pass filcer was subscqucntly applied to the data-set to Low/ negative magnetic pcak proﬁlcs represent typical anomalous
remove the high frcquency near-surface noise effect. A horizontal gradicnt map signatures in low-latitude magnetic regions ( around the equator where Nigeria
(Figure 3b) was produced from the filtered magnetic data. A horizontal s located) (Parasnis, 1986; Ficberg, 2002). Corrclating these ‘lows™ from
gradicnt is a two-component vector, having magnitudc and direction. The profilc—to—proﬁlc may delincate a fault line/faulc zone or magnetic
gradicnt is normally calculated as the root-sum-square of magnetic anomaly mincral—bcaring fault zone. The magnetic data along all the profiles (T1-T5)
data x- and y- derivative components (Hansen ¢z al, 2005). The method  was quantitatively interpreted by a technique involving 2.5-D inversion using
requires the magnetic field’s two first order horizontal derivatives. If 7'(x, y)is WinGLink software (2004 version). Several models were tried until a
the magnetic field and the fields horizontal derivatives are gcologically plausible magnetic inversion model was achieved and an
(OT | Oxand OT | ay) then horizontal gradicnt Z (x, y) is given by the approximatcly fittingmodel was adoptcd,having 0.0008 x 10 SI susccptibility
equation: for quartzite host rock and 1.9576 x 107 SI susccptibility for the anomalous
zone; Figure 4 shows the interpretation models. Since quartzites are
mctamorphic rocks having rclativcly low magnetic susccptibility, magnetic
(3) anomalies were assumed to have resulted from magnetic materials contained
within the fractured quartzitc/ faulted zones relative to the fresh massive
quartzite bedrock.
l’roducing ahorizontal gradient magnetic mapisa data enhancementand
cdge detection tcchm’que, cnhancing magnetic anomaliesassociated with faults
and other structural discontinuities (Hood and Teskey, 1989: Aboud ez 4., The electrical method
2005). Lyatsky ez al. (1992) and Thurston and Brown (1994) have provided a ) L ) o
. L . . . The electrical resistivity method involves dctcrmmmg subsurface
detailed discussion of horizontal gradlent computation methods. T ) . o
© resistivity distribution by taking ground surface measurements. This involves
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passing electrical current (/) into the ground by means of two electrodes;
potential difference (4V) is measured between another pair of potential
electrodes. What is actually measured, either in the laboratoly or the field, is
apparent resistivity given by the following cquation:

_ar
1

G 4)

a

where p, is apparent resistivity and Gis the geometric factor taking the
clectrode array’s geometric spread into account.

The vertical lectrical sounding (VES) technique (Zonge ez al, 2005) was
adoptcd in the present study; itinvolves the Schlumbcrgcr array, this bcing one
of the most commonly used array systems which is mainly used for resistivity
sounding in a laycred environment where it providcs excellent vertical
resolution. Electrode array investigation depth is 0.12SAB (where AB is total
current clectrode separation) (Roy and Apparao, 1971). The Schlumberger
array uses a four-clectrode system, two current electrodes (C1and C2) and ewo
potential clectrodes (P1 and P2). Apparent resistivity (i) values were
calculated from the following cquation:

_mRI’
2/

()

a

w° w' 0?
AB2 (m)

Apparent Resistivity (Ohmm) Thickness (m)

278.00 0.90
4490.00 13.20
17224.00 54.60
1902.00

Apparert Resistivty (ohm m)

10° 10! 102
AB/2 (m)

where Ris ground resistance, L is half current-electrode spacing (AB/2),/
is half the potential-clectrode spacing and d is a constant (3.142 or 22/7)

Electrical measurements in the survey area

Twenty-two vertical electrical soundings (VES) were taken within the
study arca. A resistivity meter (ABEM Terrameter, SAS 300C) was used for
taking resistivity measurements. Most VES stations were located at 100 m
intervals along the traverses used for taking the magnetic measurements (Fig.
3), except where topography was inhibited. The station interval was rcquircd to
achieve good spatial distribution and aid accurate preparation of the
subsurface’s gcological scquence. The Schlumbcrgcr array was gradually
cxpandcd rcgarding afixed centre, electrode spacing (AB/2) varying from 1 to
225 m and having 450 m maximum spread length. VES data are presented as
curves of apparent resistivity against AB/2 (Figure. 5).

The observed apparent resistivity data were inverted to a true gcological
model (Figure 5) of the subsurface using WingLink software. The inversion
tcchm’quc finds a resistivity model which approximates measured data within
the limit of data errors and is in agreement with an area’s known gcology
(Matias er al, 1994). VES results’ interpretation was used for producing the
gcoclcctric sections (Fig. 6): a resistivity map (Fig. 7) was drawn for 100 m
(AB/2) electrode spacing.

Apparent Ressstrty (ohm m)

100 10! w?
AB2 (m)

Apparent Resistivity (Oh Thick (m)
1167.52 0.59
2798.62 3.49
43505.27 8.77
1189.92 38.09
99435.09

Apparent Resistivty (ohm m)

Apparent Resistivity (Ohmm)
907.00

1514.00

341.00

2654.00

238.00

Thickness (m)
2.10

4.80

16.10

19.00

Apparent Resistivity (Ohmm)

Thickness (m)

207.00 1.00
260.00 2.00
154.00 23.50
3023.00 10.40
98.00

Figure 5: Representative plots of apparent resistivity against AB/2 and interpreted geoclectrical models
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Results and Discussion

The magnetic survey

Figurc 3showsthe magnetic anomaly and total field computcd horizontal
gradient maps. Two anomalous zones were delineated at the southern part of
the survey area, across T2 and T3 and on the north-castern part, across T4 and
T5 (Figure 3a). Magnetic anomaly amplitude for these two  identified
anomalous zones ranged berween -5.3 and -127.8 n'T. The horizontal gradient

map (Figurc 3b) partitioncd the survey area into two broad anomalous zones.
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The western flank was characterised by rc]ativciy low amplitude (0.1 nT/m-0.7
nT/ m) while the castern flank had relativcly high ampiitude, ranging from 0.7
nT/m-11.6 nT/m. The arca having high horizontal gradients correlated to
intcnscly fractured/faulced quartzite block (F igure 4), having an approximatcly
north—eastcriy trend. The width of the block varied from 150 m to greater than
290 m. The spring outlet was located at the interface between the low and high
horizontal gradient zones. The inverse magnetic models (Figurc 4) identified
fractured quartzite/ faulted zones at depths of about 100 m below T1, 40 m

belowT2,45 mbelow T3, especia]iy around the spring location, and less than 30
m below T4 and T5.
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Figure 6: The gcocicctrica.l sections along the traverses showing the massive/fresh quartzite, transitional and the fractured/faulted quartzite zones scparatcd by broken lines
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The resistivity survey

VES data

The typical VES curves and interpreted geoc]ectric models are displayed
in Figure 5. The geoclectrical sections (Figure 6) delincated four subsurface
layers composcd of topsoil/ weathered layers, fresh quartzite, fractured/faulted
quartzite and the fresh quartzite bedrock. The topsoi]/ weathered material was
composcd of silt, claycy sand and sand; its thickness rangcd between 0.3 and
25.3 m while resistivity ranged from 57 to 4,245 Qm. This horizon rested on a

Variably thick (0.9-67.8 m) first fresh quartzitic basement, resistivity ranging
from 1,702-15,960 Qm. This fresh quartzite acted as confining layer above
fractured quartzite in several places, resistivity ranging from 80 to 2,720 Qm.
The fractured quartzite constituted the main aquifer unit, having
sub-artesian/artesian characteristics. Its delincated thicknesses varied from 38.1
t0 189.2 m. This aquifer unit had largc storage capacity, having been delincated
beneath all the VES stations. Fresh quartzite constituted the bedrock and had
4969-99.435 Qm resistivity. The depth to the top of the fresh quartzite
ranged from 50.9 t0 227.7 m.

842400

842300

842200

Massive/Fresh

Quartzite

842100

842000

841900

714100 714200

714300

100

714400

Figure 7: Apparent resistivity map for AB/2 equals 100 m showing the massive/fresh quartzite and the fractured/faulted quartzite zones separated by broken lines
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Apparent resistivity map

Figure 7 is an apparent resistivity map produced from the VES data for
100 m half current-clectrode separation (AB/2). The map displays high
resistivity (2,494-7.407 ?m) (typical of fresh massive quartzite) on the western
flank and relatively low resistivity (263-1.896 ?m) (characteristic of fractured
quartzitc) on the castern flank. The spring outlet was located at the interface
between both zones. Map relief was similar to that of the horizontal magnetic
gradicnt map (Figurc 3b) where the area having a rciativciy low horizontal
gradicnt correlated with the high resistivity arca and the area having rciativeiy
high gradicnt correlated with the low resistivity arca. The interface between the
lowand high horizontal gradicnts on the magnetic map significantiy correlated
with the interface between the high andlow resistivityareaon the resistivity map

(compare Figures. 3band 7).

Conclusions

Magnetic andvertical electrical sounding datahave beenused to study the
structures  benecath the li(ogosi warm  spring located in Ekiti State,
south-western N igeria. The magnetic data identified the fractured
quartzitc/ faulted zone as a result of the magnetic minerals contained in it while
the subsurface arcas were delineated due to variations in rcsistivityvaiucs related
to the dcgrcc of fracturing and quartzite saturation. The low resistivity areas
corrcspondcd to the fractured quartzitc/ taulted zone delincated by magnetic
inversion. [t was suspcctcd that the fractured/faulted quartzite may have acted
as conduits for the movement of warm groundwatcr from profound cicpth to
the surface while the spring outlet was located on a gcoiogicai interface

(lincament).
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