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Abstract

Resistivity range for groundwater-bearing fracture zones was studied in the fractured shales and sandstones of pre-Santonian
sedimentary succession in Abakaliki area, southern Benue Trough, Nigeria using vertical electrical sounding (VES) data and
borehole lithologs. The results of the study indicate that resistivity of water-bearing fracture zones in the shales is <52 Qm
and about 107 Qm in sandstones. These fractures occur at a depth of > 18 m in shales but shallower (> 6 m) in sandstones.
The wider the fracture, the more the resistivity tends to zero, and the higher the volume of water present in it. While the layer
models define the water-bearing layer, the synthetic model defines depth to the top of the fracture and fracture thickness. The
wideness of the fractures decreases gradually below 80 m depth. The spatial distribution of resistivity in the area indicates

that resistivity increases with depth except for the fracture zones.
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Introduction

Groundwater is one of the primary sources of freshwater
globally and accounts for about one-third of the total supply
of freshwater (Famiglietti 2014). Except for sand and gravel
aquifers, groundwater is stored in hard-rock geological envi-
ronments that are characterized by discontinuities such as
fissures, voids, faults, and fractures (Demirel et al. 2018).
Hard rocks, including crystalline igneous, metamorphic,
and strongly cemented sedimentary and carbonate rocks,
cover about 50% of the Earth’s land surface (Singhal and
Gupta 1999). Globally, the volume of groundwater contained
in hard-rock aquifers is not well constrained (Comte et al.
2012), but locally they can be important aquifers (MacDon-
ald et al. 2012).
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Fractured sedimentary bedrock is an important source of
water for many communities around the world (Steelman
et al. 2017). The fracture zones within the rocks develop the
hydrogeological characteristics which control groundwater
occurrence and movement (Hasan et al. 2019). It can be best
conceptualized as a dual-porosity system where fractures
dominate flow, but remain connected to water stored in the
porous matrix through advection and diffusion (Steelman
et al. 2017). Locating subsurface fractures and their aquifer
properties are key tools to successful groundwater explora-
tion (Demirel et al. 2018; Chandra et al. 2019).

Common geophysical approaches associated with the
study of weathered/fracture zones include the electrical
resistivity, self-potential (SP), induced polarization (IP),
borehole radar tomography, seismic reflection/refraction,
ground-penetrating radar, and electromagnetic methods
(Griffiths and Barker 1993; Improta et al. 2010; Carbonel
et al. 2013). The resistivity method has always been applied
in groundwater investigation (El-Hussaini et al. 1995; Vch-
ery and Hobbs 2003; Tizro et al. 2010; Arabi et al. 2010),
including hard-rock terrain (Barker et al. 1992; Carruthers
and Smith 1992). Sometimes, it is integrated with fracture
detecting geophysical techniques such as electromagnetic
and seismic refraction methods (Adepelumi et al. 2006; Olo-
runfemi and Oni, 2019). Efforts at establishing the efficacy
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of the electrical resistivity method in detecting such charac-
ters of fractures as density, aperture, and orientation in frac-
tured rocks have been presented earlier in the literature using
both field and laboratory approaches (Taylor and Fleming
1988; Jinsong et al. 2009; Berryman and Hoversten, 2013;
Demirel et al. 2018). High-resistivity contrast is a major
factor that differentiates fractured zones saturated with
water from their fresh/unsaturated counterparts (Loke et al.
2003; Lucas et al. 2016; Hasan et al. 2018a). The resistivity
method is sometimes integrated with borehole or well data
in characterizing the subsurface for groundwater purposes
(Hasan et al. 2019; Ammar and Kamal 2018). Drilled bore-
holes have been quite reliable in assessing subsurface infor-
mation (Krasny 2002), although it could be quite tasking and
costly (Akhter and Hasan 2016; Hasan et al. 2018a, b; Gao
et al. 2018), especially in fractured rock aquifers (Ammar
and Kamal 2018). Despite the large number of studies where
resistivity methods have been applied to fractured rocks,
qualitative and quantitative knowledge of how individual
fractures influence resistivity data appears to be missing
(Demirel et al. 2018). Consequently, the study of localized
fracture systems in a given region is necessary to establish
its peculiar response to current flow.

The Abakaliki area is predominantly underlain by Creta-
ceous shales of Asu River and Eze-Aku Groups with lenses
of sandstones, mudstones, limestones (Okeke et al. 1987),
and volcaniclastics (Chukwu and Obiora 2018), which have
been tectonically deformed (Benkhelil 1989) to the extent
that they got metamorphosed (Obiora and Charan 2011), and
lost their primary porosities. The multiplicity of tectonism
and magmatism, however, gave rise to faults, fractures, and
weathered zones that are capable to act as aquifers. Urbani-
zation and its associated problems of rural-urban migration,
coupled with industrialization have enhanced population
density in the area over time. Potable water supply by gov-
ernment agencies is quite inadequate (Aghamelu et al. 2013)
to support the teeming population, and hence, the people
resorted to self-help in the form of sinking private bore-
holes. An alternative supply of domestic water from ponds
and other surface water sources in the area gave rise to an
outbreak of dracunculiasis or dracontiasis otherwise known
as Guinea worm disease (Anosike et al. 2003; Nnamani and
Nnabueze 2012). Consequently, groundwater exists as the
only safe source of potable water supply in the area. Loca-
tion of these unevenly distributed water-bearing fracture
systems has been a major barrier to potable water supply at
economic quantity in the environment. Efforts of both gov-
ernment and non-governmental organizations (Wolfe 2007)
at eradicating the guinea worm and remedy the situation
through the provision of safe drinking water for the popu-
lace have been retarded due to series of abortive boreholes
(Aghamelu et al. 2013). Poor knowledge of hydrostratig-
raphy, location of water recharge and discharge areas, and
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their dynamic fluctuations with time (Akpan et al. 2013),
as well as the subsurface distribution of fracture systems
in the study area, have been identified as major causes of
the abortive boreholes. None availability of other geophysi-
cal equipment known for their efficacy in fracture detection
and low cost have favored the frequent use of the resistivity
method in groundwater exploration in the study area. Much
has not been done in characterizing the fractured aquifer
systems in the area using the resistivity method. The resis-
tivity values for water-bearing fracture zones in the shales
are unknown. Their depth of occurrence is yet to be defined.
Previous geophysical surveys for groundwater in the area
(Ugwu and Nwosu 2009; Aghamelu et al. 2013; Odoh et al.
2012; Onwe et al. 2019; Agha 2015) have not been able to
establish the resistivity values for the water-bearing zone in
the area by integrating borehole and surface data. The aim
of this work, therefore, is to characterize the groundwater-
bearing fractures in the sedimentary rocks in Abakaliki area,
southern Benue Trough Nigeria, by correlating geoelectric
sections from vertical electrical sounding with borehole
lithologs in the area.

Site description and geologic setting

The study area lies within Latitude 05°50’00” N-06°40"00"
N and Longitude 07°40'00” E-08°30'00" E (Fig. 1). Murat
(1970) identified three main tectonic phases in the trough
which controlled the basin fillings. The first phase took place
from Albian to Coniacian age. It was characterized by move-
ments along major NE-SW-trending trough and led to the
deposition of sediments of the Asu River Group (Albian),
Eze-Aku Group (Turonian), and Awgu Formation (Conia-
cian), respectively. The Asu River Group consists domi-
nantly of dark-gray shales which are baked in some places
within the Abakaliki Anticlinorium, lenses of sandstones,
and sandy limestones, volcaniclastics with subordinate mud-
stones (Benkhelil 1987). The Eze-Aku Group consists of
thinly laminated, dark-gray flaggy shales with sandstones
and subordinate limestones (Nwajide 2013; Petters 1980). It
is conformably overlain by Awgu Formation in the western
flank of Abakaliki Anticlinorium but abruptly missing in
the eastern flank which is represented by Santonian angular
unconformity in the region. The Awgu Formation consists of
fissile, bluish-gray, pyritic, well-bedded shales with sandy or
calcareous intercalations which are occasionally gypsiferous
(Nwajide 2013). The second tectonic phase, which was a
compressional movement, took place in the Santonian age.
Widespread magmatism which accompanied the Santonian
squeeze (Genik 1993) caused the southern Benue Trough to
become flexurally inverted to form the Abakaliki Anticlino-
rium (Benkhelil 1987; Nwajide and Reijers 1996) and led to
deposition of basic and intermediate intrusive igneous rocks
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Fig. 1 Geologic map of the study area with VES and borehole points

in the shales in the area (Chukwu and Obiora 2014). Shales
are naturally aquitards (Freeze and Cherry 1979); however,
when they are tectonically and diagenetically altered, they
develop some structural features like faults and fractures
which serve as secondary porosity that is capable of hosting
water at the economic quantity (Ebong et al. 2014; Macdon-
alds and Davies 1998). A combination of tectonism, mag-
matism during the Santonian Orogeny and post-depositional
diagenetic alterations have highly deformed the rocks in the
study area (Benkhelil 1987; Obiora and Charan 2011), bak-
ing the shales in some places (Okogbue and Nweke 2018)
to a level of low-grade metamorphism (Obiora and Umeji
2004), while the sandstone members lost virtually all their
primary porosities (Obasi and Selemo 2018), and gave
rise to series of folds, faults, fractures, and fissures which
host groundwater at economic quantity. In the absence of a
primary aquiferous unit, the fractured units became major
groundwater water supply units in the area.

The area has been previously identified as being hydro-
geologically problematic (Offodile 1992). The Asu-River
Group consists mainly of shales that are intensely fractured.

Except for fractured areas, the Asu River Group facies are
extremely poor in groundwater prospects. Aquifers of the
Eze-Aku Group are found in the sandstones and fractured
limestones (Nwajide 2013).

Fig.2 Field data acquisition using Schlumberger array at the Onueke
Township Stadium
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Table 1 Locations of the

; . . VES No Location Latitude Longitude
Vertical Electrical Sounding
(VES) in the study area 1 Onueke Township Stadium 06°10'57.9"N 08°02/58.3"E
2 Spera-in-Deo junction, Abakaliki 06°18'33.5"N 08°06'05.3"E
3 Evangel camp Okpoto 06°24'46.0"N 07°52'00.0"E
4 Onuogo Mebiowa, Okposi 06°01'34.2"N 07°49'40.8"E
5 Umuorie, Oshiri 06°07'43.0"N 07°52'59.0"E
6 Ogoachi, Okposi 06°02'07.9"N 07°47'57.3"E
7 Mebiowa, Okposi 06°01'06.6"N 07°49'35.8"E
8 Government Secondary School, Amasiri 05%54'18.9"N 07°52'39.8"E
9 Precious Foundation School, Amasiri 05°53'45.7"N 07°53'05.5"E
10 Ohia road, near Ejeke Primary School, Amasiri 05%55'29.8"N 07°52'59.2"E
11 Community Secondary School Abomege 06°01'10.7"N 08°00"21.1"E
12 Fishermen primary School Amata, Akpoha 05%58'17.3"N 07°57'10.0"E
13 Amata Primary School, Akpoha 05°58'27.0"N 07°57'36.9"E
14 Akpoha Central School 05°58'52.9"N 07°58'00.3"E
15 St. Benedict Primary School, Imina 05°59'12.4"N 08°01'00.2"E
16 Ohafia Ukawu, near Ukawu water scheme 06°00'52.2"N 07°57'52.3"E
17 Obina Central School, Ishinkwo Ukawu 06°01'13.6"N 07°59'06.5"E
18 Ibii junction, Ibii 05%55'40.3"N 07°54'40.5"E
19 Ibii - Amasiri road, Ibii 05%55'22.5"N 07954'13.3"E
20 Ozaraukwu 05%55'11.2"N 07954'36.0"E
21 Central School, Amasiri 07°54'37.5"N 07953'22.9"E
22 Amike Aba, Abakaliki 06°21'12.0"N 08°06'37.0"E
23 PRESCO campus, Ebonyi State University 06°19'28.1"N 08°04'48.6"E
24 PRESCO campus, Ebonyi State university 06°19'27.7"N 08°4'53.5"E
25 Oshiri Health Centre, Oshiri 06°08'35.3"N 07953'01.3"E
26 Azugwu, Abakaliki 06°19'42.0"N 08°07'41.0"E
27 Enuagu Community Primary School, Onicha 06°05'05.0"N 07°48'42.0"E
28 Ahia Nkwo market, Okposi 06°03'26.0"N 07°47'50.0"E
29 Isiama Health Centre, Onicha 06°03'53.0"N 07°49'00.0"E
30 Aja Nwachukwu Primary School, Okposi 06°03'49.0"N 07°48'29.0"E
31 Behind Federal Government College, Okposi 06°02'12.0"N 07°49'23.0"E
32 Holy Rosary Primary School, Okposi 06°02'16.0"N 07°49'41.0"E
33 Community High School Uburu 06°02'21.0"N 07°45'21.0"E
34 Inyimagu Azuiyiokwu, Abakaliki 06°18'12.0"N 08°07'48.0"E
35 Igwe kanyim, Oferekpe Agbaja, 1zzi 06°34'13.0"N 08°12'40.0"E
36 Permanent site, Ebpnyi State University 06°23'46.0"N 08°01'05.0"E
37 Nwanu Community primary School, 1zzi 06°28'33.2"N 08°14'11.0"E
38 Boys Secondary school, Iboko 06°24'59.6"N 08°1423.7"E
39 Presco campus, Ebonyi State University 06°19'27.0"N 08°04'52.0"E
40 Umuoghara, Ezza North 06°17'26.0"N 08°01'24.0"E

Materials and methods

Equipment used for the geophysical survey includes a Global
positioning system (GPS), Abem Terrameter SAS 1000, four
electrodes, and four reels of Cables, a Direct Current Source,
Survey Datasheets, and measuring tapes. The field layout is
as shown in Fig. 2. Geoelectrical resistivity measurements
were performed using the popular Schlumberger electrode
configuration at forty (40) locations within the study area

@ Springer

(Table 1), with the half current electrode separation (AB/Z)
starting from 1 m up to 100 m in successive steps and 0.25 m
to 10 m spacing for the potential electrodes. According to
Lowrie (2007), using four electrodes comprising a pair of
current electrodes labeled A and B, and a pair of poten-
tial electrodes labeled C and D respectively, the poten-
tial at electrode C is as given in Eq. (1). The potential at
electrode D is represented in Eq. (2). The overall potential
measured by the voltmeter connected between the potential
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Table 2 Results of VES survey in the study area

VES No Resistivity (Qm) Thickness (m) Depth (m) Inferred Lithology Curve Type
1 289.36 0.5 0.5 Top soil K
297.88 6.99 7.5 Shale
50.41 104.14 111.63 Fractured shale
5475.6 Sandstone
2 91.12 0.24 0.24 Top soil K
131.97 0.21 0.45 shale
309.74 7.62 8.07 shale
40.32 Fractures shale
3 6253.5 0.35 0.35 Sandstone HK
128.13 0.64 0.99 Shale
3767.2 3.71 4.7 Sandstone
12.55 10.07 14.78 Fractured shale
956.89 sandstone
4 64.56 0.64 0.64 Top soil HK
68.6 13.11 13.76 shale
29.85 29.07 42.82 Fractured shale
230.36 shale
5 239.41 1.44 1.44 Top soil HK
78.37 5.3 6.74 shale
7388.2 0.21 6.96 sandstone
23.39 10.23 17.19 Fractured shale
4645 sandstone
6 268.37 0.32 0.32 Top soil HQ
67.24 10.59 10.91 Shale
12.07 11.37 22.27 Fractured shale
146.42 shale
7 148.67 0.51 0.51 Top soil Q
119.64 4.17 4.68 shale
18.12 26.69 31.37 Fractured shale
7.38 Fractured shale
8 101.84 2.31 2.31 Top soil H
0.21 0.11 242 clay
385.08 shale
9 0.33 0.74 0.74 Top soil HK
67 Shale
10 73.28 0.85 0.85 Top soil HQ
40.69 7.27 8.12 shale
0.35 0.92 8.22 clay
50.15 57.35 65.56 Fractured shale
11.86 Fractured shale
11 81.46 0.79 0.79 Top soil H
24.63 30.75 31.55 Fractured shale
3279 Shale
12 228.15 2.22 222 Top soil Q
95.53 23.75 25.97 shale
32.73 34.74 60.71 Fractured shale
2245.8 Sandstone
13 250.11 2.2 22 Top soil Q
36.5 169.22 171.42 Fractured shale
10.74 Fractured shale
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Table 2 (continued)

VES No Resistivity (2m) Thickness (m) Depth (m) Inferred Lithology Curve Type
14 396.39 1.6 1.6 Top soil HQ
10.44 0.43 1.64 Clay
570.47 3.26 4.9 Shale
179.37 20.68 25.59 shale
14.46 2.94 28.53 Fractured shale
1142 Sandstone
15 29,156 0.32 0.32 Sandstone HQ
594.17 5.59 5.92 Sandstone
917.73 12.27 18.18 Sandstone
4.38 1.21 194 Fractured shale
549.69 Shale
16 343.66 1.69 1.69 Top soil Q
372.09 7.77 9.46 Shale
97.48 127.28 136.74 Shale
1.76 Fractured shale
17 1420.4 0.59 0.59 Top soil H
2192.5 1.12 1.72 Sandstone
1.98 0.18 1.73 clay
34.61 4.38 6.11 S hale
2050.7 Sandstone
18 140.58 0.78 0.78 Top soil HK
4734.7 0.37 1.15 Sandstone
128.07 Shale
19 192.65 1.95 1.95 Top soil H
2.22 0.28 2.23 clay
258.55 shale
20 182.6 2.12 2.12 Top soil HQ
6.79 3.28 54 clay
15,743 136.05 141.45 Sandstone
4.27 Fractured shale
21 44.59 shale K
22 78.14 1.01 1.01 Top soil Q
8.31 1.59 2.61 Shale
20.73 2.44 5.05 Shale
12.98 51.24 56.29 Fractured shale
5.89 Fractured shale
23 99.38 Shale H
24 242.1 1.46 1.46 Top soil HQ
67.47 1.25 2.7 Shale
0.66 0.24 2.95 clay
93.55 14.12 17.06 shale
9.27 Fractured shale
25 328.53 1.01 1.01 Top soil K
123.1 447 5.48 Shale
3.86 1.34 6.81 Clay
16554 143.32 150.14 Sandstone
10.25 Fractured shale
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Table 2 (continued)

VES No Resistivity (2m) Thickness (m) Depth (m) Inferred Lithology Curve Type
26 1053.8 2.69 2.69 Top soil HQ
212.07 10.5 13.2 Shale
139.72 44.37 57.57 Shale
7926.3 Sandstone
27 151.28 Shale Q
28 177.91 Shale HK
29 201.29 0.41 0.41 Top soil HK
1630.7 1.42 1.83 Sandstone
75.37 Shale
30 304.19 3.57 3.57 Top soil H
18.84 8.25 11.82 Fractured shale
80.99 Shale
31 191.08 2.1 2.1 Top soil HK
4.63 3.17 5.27 Clay
3941 Fractured shale
32 491.56 1.12 1.12 Top soil Q
184.56 5.22 6.34 Shale
2.15 0.51 6.85 clay
112.11 22.25 29.1 Shale
1.11 Fractured shale
33 303.19 1.38 1.38 Top soil Q
75.3 0.67 1.39 Shale
85.61 2.92 4.31 Shale
146.71 13.33 17.64 Shale
16.95 Fractured shale
34 125.59 2.31 2.31 Top soil HK
161.89 6.37 8.68 shale
11.76 Fractured shale
35 535.53 1.2 1.2 Top soil HK
608.83 0.62 1.82 Sandstone
107.33 Fractured sandstone
36 193.77 1.67 1.67 Top soil H
20 4.21 5.88 shale
34.45 38.14 44.02 Fractured shale
1480.6 Sandstone
37 3949.3 0.88 0.88 Top soil HK
83.48 3.55 4.43 Shale
3.55 1.86 6.29 Clay
36.82 Fractured shale
38 445.32 0.32 0.32 Top soil HK
360.7 4.99 5.31 shale
48.18 36.66 41.97 Fractured Shale
6039.6 Sandstone
39 51.26 Fractured shale H
40 1333.3 0.47 0.47 Top soil H
27.21 24.55 25.02 Fractured shale
2515.2 Sandstone
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Table 3 Sample of geoelectric sections

(a) Geoelectric section of VES 2

Layer Resistivity (2m) Thickness (m) Depth (m) Geoelectric Section
1 91.12 0.24 0.24 Top Soil

2. 131.97 0.21 0.45 Shale

3. 309.74 7.62 8.07 Shale

4 40.32 Fractured shale

(b) Geoelectric section of VES 7

Layer Resistivity (Qm) Thickness (m) Depth (m) Geoelectric Section
1 148.67 0.51 0.51 Top Soil

2. 119.64 4.17 4.68 Shale

3. 18.12 26.69 31.37 Fractured shale

4 7.38 Fractured shale

(¢) Geoelectric section of VES 22

Layer Resistivity (QQm) Thickness (m) Depth (m) Geoelectric Section
1. 78.14 1.01 1.01 Top Soil

2. 8.31 1.59 2.61 Clay

3. 20.73 2.44 5.05 Shale

4. 12.98 51.24 56.29 Fractured shale

5. 5.89 Fractured Shale

electrodes C and D is as given in Eq. (3), while the resistiv-
ity is calculated using Eq. (4). For the Schlumberger array
which was applied in this work, If ryo = rpp = (L —a)/2
and ry,, = reg = (L + a)/2, and substituting into the gen-
eral formula, Eq. (4) turns to Eq. (5), which was applied in
calculating the apparent resistivity of layers in this study:

ol (1 1
Ur=——-—
¢ 2”<VAC rCB) )

ol (1 1
Uy=—|—-—
P 2 <”AD rDCB) @
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Since the area is associated with shallow aquifers, the
depth of investigation was good enough for this research. At
each VES point, traverse directions were measured with a
compass and coordinates were taken with GPS. The result-
ing resistance of each VES point was recorded in a survey
datasheet. The calculated apparent resistivities were plotted
against the electrode spacing (AB/2) to generate the relevant
geoelectric curves. The processing of the data was enhanced
with the use of interpex IX1D software, which enabled the
generation of geoelectric layers.

Six exploration wells were randomly sited for this study.
The primary target of these wells was the Asu River Group
shales and sandstone. By applying the Logging While Drill-
ing (LWD) approach, lithologic logs (Lithologs) were pro-
duced from these exploration wells using rock cuttings from
the wells. A correlation of the lithologs with their geoelec-
tric sections enhanced the delineation of zones of groundwa-
ter occurrence in relation to their resistivity ranges. To infer
lithologies associated with the different geoelectric sections,
field observation of the top soil at the point of survey, cou-
pled with the knowledge gotten from the results of the cor-
relations carried out in the present work, was integrated with
the works of Telford et al. (1990) and Keary et al. (2002).
Finally, the spatial distribution of resistivity at the subsur-
face was modeled using arc—GIS software.

Result and discussion

Results of the VES survey in the area are as represented
in Table 2. From Table 2, it can be observed that some of
the geoelectric layers inferred as shales have relatively high
resistivity values which are quite comparable with that of
sandstones. This is as a result of baking of the shales due to
tectonism and magmatism in the area (Benklelil 1989). This
diagenetic alteration increased the density of the shales in
the area, especially those of Asu River Group, above those
of the volcanic rocks intruding the shales and very close
to its sandstone members (Obasi and Selemo 2018); even

the volcanic rocks in the study area displayed higher poros-
ity than the shales, while those of the sandstones are quite
correlatable with the porosity of the shales. The shales are
so indurated that they are used as construction materials
(Okogbue and Nweke 2018; Obasi et al. 2020). Sandstones/
siltstones occurrence in the study area is in lenses (Agu-
manu 1989), while the majority of the rock units are shales
and mudstones. Hence, except for the places where there
are indications of sandstone occurrence and/or very high
resistivity values, most of the surveys were carried out in
shale-dominated environments. Consequently, based on the
level of induration of the shales, it is not strange to associate
them with some relatively high resistivity values when they
are in a fresh and unfractured state.

Representative samples of the bi-log plots of apparent
resistivity against “B/, in the study area and their corre-
sponding geoelectric sections are as shown in Fig. 3 and
Table 3, respectively. Exploration wells were drilled at the
locations of Fig. 3a—c, respectively. They all cut through
fractured zones and supplied water at economic quantity.
VES 2 has K curve type, while VES 7 and 22 have Q curve
type. Three more exploration wells were drilled at VES
locations 24, 34, and 35. Their curve types are HQ (VES
24), and HK (VES 34 and 35). All the six wells are pro-
ductive at economic quantity. This suggests that there is no
specific resistivity curve type that is uniquely associated
with groundwater-bearing fractures in the study area. The
geoelectric section of VES 2 (Table 3a) indicates that the
resistivity of the shales can be above 300 Qm, and increases
with the depth of burial (see layers 2—4 on Table 3a), except
for the fractured zones. Within the fresh and unfractured
zones, the shallower the depth of occurrence of the shales,
the less indurated they are, and the lower its resistivity (see
Table 3a—c). Within the study area, soft, less-compacted,
fresh, unfractured shales maintain the usual resistivity range
of values as given by Telford et al. (1990), which are aqui-
tards and are not expected to supply water at economic quan-
tity. That could explain why the shales layers in VES 2, 5, 6,
7,11, 12,13, 14, 15, 16, 17, 22, 31, and 36 have resistivity

Table 4 Resistivity values for
fractured rocks from different
parts of the world

S/No Location

Rock type Age

Saturated fracture  References
zone resistivity

Qm

1 Eastern desert, Egypt Shale Eocene <22 Ammar and Kamal (2018)
2. Eastern desert, Egypt Limestone Eocene <50 Ammar and Kamal (2018)
3. Karnataka, India Gneisses/Schist Archaean 100 — 3000 Chandra et al. (2019)

4. Abi, Nigeria Shale Albian <45 Ebong et al. (2014)

5. Abi, Nigeria Sandstone Albian 100-800 Ebong et al. (2014)

6. Bulawayo, Zimbabwe Basalt Archaean < 50 Muchingami et al. (2012)
7. Abakaliki, Nigeria Shale Albian <52 Present work

8. Abakaliki, Nigeria Sandstone Albian > 100 Present work
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Fig.5 Well-to-well correlation of the six boreholes drilled in the study area

values which are <50.00 Qm but not all were defined as
fractured shales (see Table 2). All the soft and unfractured
shales whose resistivities are < 50.00 Qm occurred at depth
ranges of <10 m, which is not commonly associated with
groundwater occurrence in the area. For the fractured shales
which host groundwater, all their depth ranges are> 10 m.
A correlation of borehole logs from successful boreholes
in the study area with the geoelectric layers of their cor-
responding VES data (Fig. 4) gave a near-perfect match
of the surface geophysics with subsurface geology. The
groundwater-bearing unit has a resistivity of 40.32 Qm at
VES 2,<18.12 Qm at VES 7,<12.92 Qm at VES 22, 9.27
Qm at VES 24, 11.76 Qm at VES 34, and 107.33 Qm at VES
35. From Table 2, further resistivity values of water-bearing
fractured zones include 29.85 Qm, 23.39 Qm, 12.07 Qm,
50.15 Qm, 24.63 Qm, 32.73 Qm, 36.50 Qm, 14.46 Qm, 4.38
Qm, 1.76 Qm, 4.27 Qm, 10.25 Qm, 39.41 Qm, 1.11 Qm,
16.95 Qm, 34.45 Qm, 36.82 Qm, 48.18 Qm, 51.26 Qm, and
27.21 Qm which are for VES points 5, 6, 10, 11, 12, 13, 14,
15, 16, 20, 25, 31, 32, 33, 36, 37, 38, 39, and 40 respectively.
VES 35 is the only exploration borehole dug into a fractured
sandstone unit. The other five boreholes were dug through
a fractured shale unit. The above result suggests that geo-
electric layers within the shale lithology with a resistivity
range of <52 Qm at depth represent water-bearing fracture
zones. Low-resistivity anomalies are generally associated
with flow features such as faults and fractures with fluids
and higher porosity lithologies (Ammar and Kamal 2018;
Houston and Lewis 1988). Correlated data at VES 2 and
22 (Fig. 4) indicate that the lower the resistivity at fracture
zone in the shales at depth (i.e., as p — 0), the wider the
fracture, which increases the volume of water available to
the well bore. The shales in the study area are rich in clay

minerals such as illite, chlorite, and kaolinite. An increase
in depth of burial leads to the increase in chlorite and illite
occurrence due to the diagenetic conversion of kaolinite to
chlorite and illite (Agumanu 1989). Chlorite often contains
iron and magnesium in its structure, which can enhance the
current flow. A high concentration of iron oxide (Fe,0O3) in
the shales in this study has been earlier reported (Obiora
and Charan 2011). As chlorite increases with the depth of
burial, more oxides of iron and magnesium are available.
During tectonism, the tectonic forces which created the
faults/fractures pulverized some of the rocks along the fault/
fracture planes and deposited them in situ. As water occu-
pies these fractures, the Fe** and Mg?" ions become mobile
and conductive, thereby increasing conductivity within the
fracture zone. With an increase in the wideness of fractures,
both vertically and horizontally, a higher volume of water
is stored within these fractures. Consequently, more ions
are available to participate in the conductivity of currents,
and the resistivity becomes further reduced. The impact of
a high concentration of ions from clay minerals in reducing
the resistivity of water-bearing fractured rocks has also been
discussed by Armada et al. (2009). The resistivity charac-
ter of the fractured shale zone in the study area is similar
to that of clay in a less tectonically disturbed sedimentary
basin (Kearey et al. 2002). The above result is quite cor-
relatable to values from fractured sediments from other
parts of the world (Table 4). A correlation of borehole log
at VES 35 with its geoelectric section (Fig. 4) indicates that
resistivity values for groundwater-bearing fractured sand-
stone in the study area are much higher than that of their
shale counterparts. However, its value is much lower than
the resistivity range for aquiferous sandstone units in the
post-Santonian basins such as the Anambra and Niger Delta
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Fig.6 (continued)

Basins in southern Nigeria (Selemo et al. 1995), which have
experienced less tectonic and digenetic alterations than the
former. The result is also lower than the conventional resis-
tivity range for sandstone aquifers (Telford et al. 1990).

The well-to-well correlation of the six exploration bore-
holes (Fig. 5) indicates that major water-bearing fractures
occurred at depths > 18 m in fractured shales and shallower
in the fractured sandstones. However, at < 18 m depth,
some minor fractures exist which could not supply water at
economic quantity. Hence, groundwater exploration in the
shales must target a depth range of > 18 m.

A geoelectric layer with a mean resistivity in the range
of <52 Qm does not imply a 100% fractured shale unit. It
was observed that while the layer model gives insight to
the geoelectric layer with groundwater at economic quantity
using its mean resistivity values, the synthetic model defines
the depth to the top of the groundwater occurrence within
the layer (Fig. 6). It can be observed from Fig. 6 that as the
geoelectric section approaches the water-bearing fracture
zone, both the layer and the synthetic models begin to have
a near-perfect match. Any point of wide separation between
the two models could be seen as the end of the fracture.

Hence, from the correlation of the borehole lithologs and
layer models (Fig. 6), it was observed that the exploration
wells at VES 2, 7, 22, 24, and 35 did not penetrate the total
thickness of the fractured zone. Conversely, at VES 34, the
total thickness of the fractured aquifer was penetrated by
the well bore. The base of the fracture was marked in the
layer model by the wide separation of the two models, with
the synthetic model having very high resistivity value com-
pared with its layer model counterpart. Suffice it to say that
the synthetic model signature has been found useful, in this
study, in mapping the total thickness of the fracture zone
(Fig. 7) in the study area.

An evaluation of the spatial distribution of resistivity at
the subsurface indicates that there is a resultant increase
in resistivity with an increase in depth in the study area
(Fig. 8). This could be related to the age and burial his-
tory of the rocks (Obasi and Selemo 2018) which has highly
altered their physical and chemical properties. The spatial
maps (Fig. 8) show that the water-bearing fractures extend
from a depth of about 10 m to even beyond 80 m depth. They
start as minor fractures at 10 m depth, became wider and
more pronounced at 20-30 m depth, and then approximately
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maintained a uniform thickness up to 80 m depth. At greater
depths, the observed fractures continued narrowing to
complete disappearance at about 100 m depth. This could
explain why most drilled boreholes in the area are < 100 m
deep. Field observations showed that groundwater in the
study area has occurred at an economic quantity at a depth
range of 20-80 m. Below 80 m, the water volume begins to
drop gradually. Figure 8 also suggests the applicability of
resistivity models in subsurface mapping. Migration from
shale-dominated horizon to deeper sandstone zones can be
observed (see Figs. 1 and 8a—f). However, some local varia-
tions occurred due to minor changes in the physical proper-
ties of the rocks such as the presence of fracture zones with
groundwater.
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Conclusion

An integration of bulk resistivity of the subsurface lithol-
ogy generated from a 1-D resistivity survey with borehole
lithologs has enabled the delineation of resistivity range for
groundwater-bearing fracture zone in the fractured shales
and sandstones in Abakaliki area, southern Benue Trough,
Nigeria. The high correlatability between the geoelectric
sections and lithologs has proved the efficacy of vertical
electrical sounding in delineating the water-bearing frac-
ture zones in the region. The vertical and lateral extents of
the identified fractures have been well modeled using the
spatial distribution map of resistivity of the area, while areas
susceptible to borehole failure have been delineated. The
application of the models from the present work in ground-
water exploration in fractured sediments will reduce the rate
of borehole failure in the area.
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