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ABSTRACT

Modeling of groundwater potentiality zones is a vital scheme for effective management of groundwater
resources. This study developed a new multi-criteria decision making algorithm for groundwater poten-
tiality modeling through modifying the standard GOD model. The developed model christened as GODT
model was applied to assess groundwater potential in a multi-faceted crystalline geologic terrain, south-
western, Nigeria using the derived four unify groundwater potential conditioning factors namely:
Groundwater hydraulic confinement (G), aquifer Overlying strata resistivity (O), Depth to water table
(D) and Thickness of aquifer (T) from the interpreted geophysical data acquired in the area. With the
developed model algorithm, the GIS-based produced G, O, D and T maps were synthesized to estimate
groundwater potential index (GWPI) values for the area. The estimated GWPI values were processed in
GIS environment to produce groundwater potential prediction index (GPPI) map which demarcate the
area into four potential zones. The produced GODT model-based GPPI map was validated through appli-
cation of both correlation technique and spatial attribute comparative scheme (SACS). The performance
of the GODT model was compared with that of the standard analytic hierarchy process (AHP) model. The
correlation technique results established 89% regression coefficients for the GODT modeling algorithm
compared with 84% for the AHP model. On the other hand, the SACS validation results for the GODT
and AHP models are 72.5% and 65%, respectively. The overall results indicate that both models have good
capability for predicting groundwater potential zones with the GIS-based GODT model as a good alterna-
tive. The GPPI maps produced in this study can form part of decision making model for environmental

planning and groundwater management in the area.
© 2017 Production and hosting by Elsevier B.V. on behalf of National Research Institute of Astronomy and
Geophysics. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

on the often available surface water particularly in a crystalline
basement complex geologic terrain causing its paucity resulting

The effect of climate change among other factors on the hidden
earthly mineral resources cannot be overemphasized (Bates et al.,
2008; Mogaji et al., 2013). Such effect had caused severe stress
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from its dried up during dry season and degrading of surface water
quality status via air pollution etc (Anomohanran et al., 2017). But
then, for the reasons of all kinds of domestic, agricultural and
industrial water demands, the inadequacies of surface water
resource are largely met by groundwater supplies (Machiwal and
Singh, 2015; Srivastava et al., 2012). In the studies of Fitts
(2002), Todd (2004) and Oseji and Ofomola (2010), groundwater
is described as water in the saturated zone which fills the pore
spaces among mineral grains or cracks and fractured rocks within
rock mass. The formation of groundwater derives its origin from
rain or snow melts which seeps down through the soil into the
underlying rocks (Saraf and Choudhury, 1998 and Banks et al.,
2002). Its occurrences and accumulation is always at deeper depth
in the earth subsurface and thus cannot be seen directly with
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naked eye (Jha et al., 2010). This perhaps often complicated the
quantification of its accumulation potentiality in an area of
interest.

Generally, in a crystalline complex geologic terrain, groundwa-
ter productivity potential are restrained within fractured and
weathered formation (Machiwal and Jha, 2014). Geologically, such
fractured and weathered formation are referred to as aquifer for-
mation (Faleye and Olorunfemi, 2015 and Kayode et al., 2016). In
accordance with Satpathy and Kanungo (1976), Dan-Hassan and
Olorunfemi (1999), and Bala and Ike (2001), such possible aquifer
formations which can either be unconfined or confined types in a
complex geologic terrain are often localized and discontinuous.
The varying physical properties of these aforementioned aquifer
types including porosity, permeability, transmissivity etc largely
determined the groundwater potentiality of an area (Olorunfemi
and Fasuyi, 1993 and Faleye and Olorunfemi, 2015). Such haphaz-
ard aquifer hydraulic properties variation that characterized the
crystalline Basement rock complex terrain could have been respon-
sible for the low success rate of most drilled holes (Mogaji, 2016a).
As such, several scientific approaches have been investigated to
salvage the spate borehole failures in similar complex geologic
areas. This is with the view to develop reliable decision support
model tool viable for optimizing groundwater productivity explo-
ration at when due. The prominent of such approaches include
hydro-geological, geophysical prospecting, remote sensing/GIS
technique and multi-criteria decision analysis techniques (Jha
et al., 2010, 2007; Meijerink, 2007; Kayode et al., 2016; Mogaji,
2016b and Mogaji and Lim, 2017b).

The application of multi-criteria decision analysis (MCDA) tech-
niques in the field of groundwater hydrology is relatively a recent
development. However, the uniqueness of these MCDA techniques’
philosophy is such that their mechanisms allow systemic analysis
and integrating of relevant criteria/factors to model or predicting
target proposition that are traceable to mineralization potential
mapping, groundwater potentiality mapping, vulnerability map-
ping etc (Elmahdy and Mohamed, 2014; Corsini et al., 2009;
Carranza et al., 2008; Mogaji, 2017). Among the mostly used MCDA
methods in groundwater prospectivity mapping is the analytical
hierarchic processes (AHP) approach (Adiat et al, 2012;
Chowdhury et al., 2009; Jha et al., 2010; Mogaji and Lim, 2016).
According to these studies, many factors believed to be influencing
or controlling groundwater potential i.e. groundwater potentiality
conditioning factors (GPCFs) often served as input indices synthe-
sized for groundwater potentiality zones prediction in the investi-
gated areas (Adiat et al., 2012; Jha et al., 2010). To mention few of
the commonly used GPCFs input indices are lithology, drainage
pattern, lineament density, soil and topographic slope, geoelectri-
cal parameters (lithology layer’s resistivity and thickness) etc
(Akinlalu et al., 2017; Mogaji and Lim, 2016; Adiat et al., 2013).
The combination of those used GPCFs for the potential zones mod-
eling was effectively carried out through exploring the potential of
the MCDA - AHP systemic approach. With this approach, the con-
sidered GPCFs’ spatially dependent subjectivity relative to their
degrees of relevance to potential mapping within a short distance
were harmonized and this has contributed to developing reliable
potential zones prediction’s decision model in those studies. Refer-
encing the unique role of the applied MCDA technique, a more reli-
able DSS model map for precise decision making in environmental
studies compared to the traditional means of inferring decisions
based on single factor/parameter commonly obtained from inter-
preted geophysical, hydrogeological/borehole and satellite data
has been established (Adiat et al., 2013; Pathak et al., 2015). The
GOD model among other overlay and index-based methods
invented by Foster (1987) is another MCDA systemic technique
whose proficiency has been reported in groundwater vulnerability
modeling (Andreo et al., 2005). Besides, for the purpose of precise

decision making in groundwater recharge zones prediction, the
applicability of the GOD modeling algorithm has been explored
(Cheng-Haw et al., 2013). Thus, the efficiency of GOD model in
groundwater sustainability management through its mapping
potential of groundwater recharge and vulnerability zones which
according to Mogaji et al. (2015b) and Mogaji (2017) are the very
keys to groundwater resources development has been feasible.
GOD model derived its acronyms from three basic criteria includ-
ing: the groundwater hydraulic conferment (G), the overlying
lithology strata (O) and the depth to water table (D) that have
direct bearing with groundwater conduit movement and accumu-
lation in the subsurface (Jha et al., 2010 and Adeyemo et al., 2015).
These aforementioned GOD model’s criteria are attainable from
many data sources such as geophysical, hydrogeological/borehole
and satellite measurement survey project (Gorai et al., 2014;
Mogaji and Lim, 2016). For instance, in the study of Khemiri
et al. (2013), the adopted GOD model approach derive its criteria
from hydrogeological/borehole data sources. However, as reported
in the studies of Jha et al. (2010) and Adiat et al. (2012), the hydro-
geological/borehole data sources is very costly, time-consuming,
non-invasive and most importantly, it lack regional prospectivity
mapping. Thus, a concept of reviewing and exploring the potential-
ity indexing mapping of the conventional GOD model algorithm
through deriving these modeling criteria, i.e. the G, O, D elements
from geophysical approach point of view and the additional intro-
duction of aquifer thickness (T) criterion, which is one of the major
driven parameter that controls the occurrence, movement and
accumulation of groundwater in an area (Oh et al., 2011; Mogaji
and Lim, 2016) are considered in this study.

The potentials of geophysical method has been highly relevant
in subsurface investigations (Vladimir et al., 2017). This may not
be unconnected to its non-invasive/non-destructive, less risky
and cost-effective unique attributes (Mogaji et al, 2015b;
Olayanju et al., 2017). The measurable physical properties of the
earth superficial materials obtainable based on a practical applied
geophysical method have served as input for GPCFs modeling in
some number of studies (Adiat et al., 2013; Mogaji, 2016a,b; Jha
et al., 2010). Further, the application of geophysical techniques
have gained widespread acceptance in groundwater resource
exploration (Mohamed et al., 2012). Few of these geophysical
prospecting methods include electromagnetic, magnetic, seismic
refraction, electrical resistivity etc (Sultan and Santos, 2009;
Sharma and Barawal, 2005; Gruba and Rieger, 2003; Jupp and
Vozoff, 1975). Among these aforementioned prospective geo-
physics methods, the direct-current electrical resistivity (ER)
method is the most highly efficient in groundwater studies. The
ER method uniqueness in the field of hydrogeophysics is such that
it has ability to map both geological layers as well as determining
the nature and composition of unseen subsurface formations
(Fitterman et al., 2012; Hinnell et al., 2010). Besides, there exist a
close relationship between the ER method’s interpreted geoelectri-
cal parameters and the physical electrical conductivity properties
of the subsurface formations. Some of the proficiency of ER method
practical applications in groundwater resource exploration include
mapping and delineation of prolific aquifer formation, quantitative
estimate of the water-transmitting properties of the mapped aqui-
fer units etc (Oborie and Udom, 2014; Mogaji, 2016a). Besides,
these possible ER method’s geoelectrical parameters including
aquifer thickness, aquifer resistivity, anisotropy coefficient, longi-
tudinal conductance etc formed the origin of the derived GPCFs
as used in the studies of Jha et al. (2010), Adiat et al. (2013),
Mogaji (2016b) for groundwater potential zones prediction model-
ing. However, it is important to note that the produced groundwa-
ter potentiality index model in these priors studies were based on
multi-criterially synthesizing and modeling of the geoelectrical
derived-GPCFs through potential application of GIS technique.
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Sequel to this, the advent of geospatial technologies including
the remote sensing and geographical information system (GIS)
techniques have indeed been explored and their contributions in
the field of groundwater hydrology are enormous (Mogaji and
Lim, 2017a; Nampak et al, 2014; Awawdeh et al, 2014;
Machiwal and Singh, 2015; Singh et al.,, 2014). Deducing from
those previous works, the effective application of the above dis-
cussed MCDA models in environmental decision making process
are carried out in GIS platform. This perhaps is because the geo-
graphic information system (GIS) technique can effectively handle
large amounts of spatial data, which are traceable to potentiality
and vulnerability modeling analyses. This unique attribute of GIS
approach has largely enhanced the efficient implementation of var-
ious MCDA models (Manap et al., 2011; Adiat et al., 2012; Park
et al., 2014; Mogaji and Lim, 2016). Thus, the potential of GIS tech-
nique as a vital tool for driven the proposed multi-critically-based
GODT model will be acknowledged in this study.

The present study attempt developing a MCDA-based GODT
model for regional assessment of groundwater potentiality in a
Precambrian basement complex geologic terrain via exploring
the integration of geophysical and GIS techniques. The geoelectri-
cal derived GPCFs input for the proposed GODT modeling algo-
rithm are G (Groundwater hydraulic conferment), O (Overlying
lithology strata), D (Depth to water table and T (aquifer Thick-
ness). The specific objectives of this study are as follows: (i) gen-
erate hydrologic maps for the derived GPCFs inputs in GIS
environment, (ii) determined the groundwater potentiality pre-
diction index (GPPI) estimates from multi-criterially synthesizing
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of the G, O, D, and T maps through applying the GODT modeling
algorithm, (iii) process the GPPI estimates to produce groundwa-
ter potentiality prediction zones map in GIS environment, (iv)
Validate the produced GPPI maps using the available well data
and geologic information obtainable in the area. (v) Carry out
comparative study between the proposed GODT model and the
applied results of the standard simple weighted AHP-MCDA
model with the view of establishing the proficiency of the pro-
posed model in groundwater resources management and sustain-
ability through validating the output decision making model
maps.

2. The study area description

The study area is situated near Akure metropolis covering the
northeastern part of Ipinsa community in the southwestern part
of Nigeria. From the cardinal measurement, the area lies between
latitude 735,200 and 736,800 and longitude 809,200 and 810,400
(Fig. 1a). The topographical terrain analysis of the area established
its undulating nature to be of surface elevation ranging between
379 m and 429 m. The available climatic information for the area
established that the wet season often begins mid-April and ends
October with an average rainfall of about 1524mm, while the dry
season do starts around November and ends in March with an
average atmospheric temperature between 28 °C and 31 °C and a
mean annual relative humidity of about 80 percent (en.wikipe-
dia.org/wiki/Akure). Geologically, the study area is underlain by
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Fig. 1. The location maps showing (a) Site map of the study area displaying the data acquisition locations and other relevant features; (b) geological map of Ondo State and (c)

site local geological map.
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the Precambrian Basement Complex rocks of Southwestern, Nige-
ria as depicted in Fig. 1b. The three lithologic units recognized in
the area include; the quarzitic, the granitic and the charnockites
rock types shown in Fig. 1c. The co-existence of these varying geo-
logic rock units largely contribute to the complexity difficulty usu-
ally encounter during mapping and delineation of prolific aquifer
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units that are often localized and discontinuous (Satpathy and
Kanungo, 1976). The mirroring of the geologic properties of the
subsurface materials that overlie and constitute the underlain
aquifer units through applying the state-of-the art approach can
largely provide in situ information for accurate location of prolific
aquifer zones with little or no biasness in any investigated area.
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3. Materials and methodology

The materials used in this study encompass the obtained well
data measurement records, the geologic data and the field acquired
geophysical data. In order to achieve the set objectives of this work,
the flow of the adopted methodology is presented in Fig. 2. The
methodological steps followed are grouped into five. In step 1,
the field geophysical data acquisition and geoelectrical parameter
modeling were carried out. Step 2, the potential of GIS technique
modeling application was explored. This was followed by imple-
menting the theory and principle of the proposed GODT model as
well as investigating the AHP-MCDA technique in groundwater
potentiality assessment. The production of groundwater potential
prediction index (GPPI) map through the applied GODT model
algorithm proposed make up the 4th steps. The last step involved
the validation of the GODT model-based GPPI map and compara-
tively analysis of its prediction capability with that of the applied
MCDA-AHP model in the same task are evaluated. The details of
each segments are as highlighted in the following subsection.

3.1. The geophysical data acquisition and modeling phase

3.1.1. Geophysical data acquisition

The electrical resistivity method involving the deployed of Ver-
tical Electrical Sounding (VES) technique using the Schlumberger
electrode configuration was adopted for data acquisition at 73
locations in the study area (Fig. 1a). At each occupied locations,
the R-50 DC Resistivity meter was used to measure the apparent
resistivity values. The spread length of the Schlumberger current
electrode varies between 2 m and 300 m. The Global Positioning
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System (GPS) device was used to record the geographical coordi-
nates (in degrees) of the occupied VES stations.

3.1.2. Data processing, interpretation and geoelectrical layer
parameters delineation

The acquired Schlumberger VES data were processed by plot-
ting the measured apparent resistivity values against the half cur-
rent electrode spacing (AB/2) at each station on a log-log graph
sheets to generate the resistivity field curves. The produced field
curves were curve-matched using manual interpretation being
done with the help of standard master curves (Orellana and
Mooney, 1966; Rijkswatersta, 1969). These interpreted results
were further refined and iterated with the help of WinResist™ ver-
sion 1.0 of Vander-Velper (2004). For the purpose of ensuring rea-
sonable analysis and interpretation of the acquired geophysical
survey data, the preview into the available drilled bore well litho
logs information from the neighborhood surroundings were used
as a control and constraint for defining the lithologic layer’s bound-
ary beneath each occupied VES locations. Presented in Fig. 3, are
the typical plotted VES data field curves displaying the geoelectri-
cal parameters (apparent resistivity values and thicknesses) which
quantitatively defined the delineated subsurface lithologic layers
occasioned at various depths in the area. The summary of the inter-
preted geoelectrical parameters and the inferred interpreted sub-
surface lithologic layers are presented in Table 1. Furthermore, in
order to derive the relevant groundwater potential conditioning
factors (GPCFs) as inputs for implementing the proposed GODT
model’s algorithm, the determined geoelectrical parameters
assisted with the interpreted subsurface lithologic description
(Table 1) were further remodeled to define (i) Groundwater

Resist Graph | x |
“RM z VESS58 No Res Thick Depth
RuS-eror: 24 | Schlumberger Configuration s
= 12196 21 21
£ 2 3510 486 507
£ 320685 -- --
2 T | o e
S 1 *RMS on smoothed data
2 100 | % G
& : L
5 ., b
a e ot =
wd doy
102 . 7
104 t .
1040 10t 1072 1043

Current Electrode Distance (AB/2) [m]

B $ IPINSA VES29 No Res Thick Depth
MS- H 0 es ick Dep
l—?ﬁﬂw Schlumberger Configuration PR
= 13455 10 10
E 2 1809 17 27
5 B 310333 59 86
= 4 2618 261 347
z | 536835 -- --
2 10 F PR, | 4
& 1033 | ¥ * RMS on smoothed data
I~ + pr
§ ‘ ,}""47‘#‘{‘
< 7—'?‘]4’4' SR |
1002 F " #% o
101 - -
10%0 104 1072 1013
Current Electrode Distance (AB/2) [m]

Fig. 3. Typical resistivity model curves obtained in the area; (a) H type, (b) A type, (c) KH type and (d) HKH type.
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Table 1
The determined geoelectrical parameters and their defined lithologic layers.

VES no Type curves Resistivity (ps...pn)Q2m//thickness (h;...h,)m Interpreted subsurface lithological description

1 H 56,23,256//1.2,1.9 Clayey topsoil, sandy clay

2 KH 91,2460,269,1532//1.2,2.4,38.3 Clayey topsoil, laterite, sandy clay

3 KH 128,2728,366,15075//1.1,1.1,23.3 Clay sandy, topsoil, laterite, sandy clay

4 KH 312,1121,318,5883//2.3,8.7,19.6 Sandy clay topsoil, laterite, sandy clay

5 KH 138,470,169,1337//2.9,12.3,41.5 Clayey topsoil, fractured laterite, sandy clay

6 KH 168,700,44,18396//4.6,0.7,24.1 Clay sandy topsoil, fractured laterite, clay

7 H 184,91,303//2.0,34.8 Clay sandy topsoil, clay, Fractured bedrock

8 A 76,632,9999//1.1,11.1 Clay topsoil, fractured unit

9 KH 103,390,83,1250//1.5,3.4,11.6 Clay topsoil, weathered laterite, clay, fractured bedrock
10 KH 47,990,137,1498//3.0,3.5,39.3 Clay topsoil, fractured laterite, weathered clay
11 KH 139,696,39,1634//0.6,2.9,13.2 Clay sandy topsoil, fractured laterite, clay

12 H 394,49,1726//6.7,18.2 Sandy clay topsoil, clay

13 KH 215,2127,19,1339//1.2,2.3,17.6 Sandy clay topsoil, laterite, Clay

14 KH 224,796,77,1396//2.7,9.1,27.0 Sandy clay topsoil, laterite, sandy clay

15 KH 473,3130,108,2111//0.4,8.8,18.4 Sandy clay topsoil, laterite, clay sandy

16 KH 313,934,50,2192//2.5,11.6,16.2 Sandy clay topsoil, fracture laterite, clay

17 KH 215,1400,346,1844//1.1,4.5,59.2 Sandy clay topsoil, laterite, sandy clay

18 KH 160,350,70,544//2.0,1.5,6.5 Sandy Clay topsoil, fractured laterite, clay, fractured bedrock
19 KH 210,431,246,1345//1.1,2.0,14.8 Sandy clay topsoil, fractured laterite, sandy clay
20 KH 190,974,388,14616//0.6,2.3,7.3 Sandy clay topsoil, fractured laterite, sandy clay
21 KH 172,3082,276,787//1.7,6.9,10.5 Sandy clay topsoil, laterite, sandy clay

22 H 94,67,3487//1.3,3.6 Clay topsoil, clay

23 A 104,497,3033//2.2,6.9 Sandy clay topsoil, fractured unit

24 H 80,20,2783//0.7,1.2 Clay topsoil, clay

25 H 157,126,2752//1.1,3.2 Sandy clay topsoil, sandy clay

26 H 161, 70, 2033//1.1,1.2 Sandy clay topsoil, clay

27 KH 129,659,240,4601//1.0,0.9,3.7 Clay sandy topsoil, fracture laterite, sandy clay
28 A 46,114,3429//1.3,3.1 Clay topsoil, clay sandy

29 HKH 346,190,1033,262,3684//1.0,1.7,5.9,26.1 Sandy clay topsoil, weathered material, laterite, sandy clay
30 KH 63,282,191, 8726//1.2,1.0,29.0 Clay topsoil, weathered laterite, sandy clay

31 KH 34,1615,235, 4606//0.4, 2.5,9.4 Clay topsoil, laterite, sandy clay

32 KH 167,1464,122,2528//1.4,10.1,19.7 Sandy clay topsoil, laterite, clay sandy

33 KH 244,1940,62,3764//3.9,8.0,12.6 Sandy Clay topsoil, laterite, Clay

34 A 149,216,46792//0.5,5.2 Clay sandy topsoil, sandy clay

35 A 44,189,20274//0.4,4.6 Clay topsoil, sandy clay

36 KH 77,805,68,66342//0.4,0.5,1.1 Clay topsoil, fractured laterite, clay

37 HKH 248,77,3574,156,5953//0.5,1.0,1.9,2.0 Sandy clay topsoil, weathered clay, laterite, clayey sand
38 A 58,208,43205//1.8,0.9 Clay topsoil, sandy clay

39 A 90,1893,12487//1.3,0.3 Clay topsoil, boulder

40 H 209,51,21530//0.5,0.6 Sandy clay topsoil, weathered clay

41 KH 46,303,93,378//0.6,6.2,36.1 Clay topsoil, weathered laterite, clay

? ? ? ?

? ? ? ?

72 A 48,271,15066//1.3,4.3 Clay topsoil, sandy clay

73 QH 2107,1114,52,2056//2.1,14.6,22.9 Hard topsoil, laterite, clay

hydraulic confinement i.e. the aquifer types (G), (ii) aquifer unit
Overlying strata (O), (iii) Depth to groundwater aquifer unit top
(D) and (iv) aquifer unit Thickness (T) characterizing the study
area. Table 2 presents the result of the derived GPCFs. The model-
ing criteria for the area aquifer types classification is as presented
in Table 3. Column 2 of this table has the ranges of resistivity
parameter values revealing the nature of superficial materials that
overlies the area aquifer units mapped. Using the resistivity ranges,
the area areas underlain aquifers were classified into four groups.
For the superficial materials having >100 Qm or <600 Qm, are less
resistive and higher recharge ability compare to that with <100 Qm
or >1000 Om. However, a moderate resistive and low recharge
covered materials is attributed to unit with >600 Qm or <1000
Qm and this defined the semi-confined aquifer types. The above
adopted modeling criterion is relatively in agreement with findings
of Olorunfemi and Fasuyi (1993).

3.2. Application of GIS tool

The philosophy of the mostly used multi-criteria decision anal-
ysis (MCDA) models is such that their background algorithms has
functionality to synthesize maps of varying parameters relevant
to target proposition. In this study, the maps/layers for the derived

geoelectrical-based GPCFs/parameters as aforementioned were
produced through spatial modeling of the records in Table 2 using
the kriging interpolation technique of the geostatistical wizard
module in GIS environment. Fig. 4, presents the GPCFs’ thematic
maps produced. The maps were the inputs modeling criteria con-
sidered for implementing proposed GODT and AHP modeling algo-
rithms. It should be noted that the selected GPCFs was informed by
the GOD model’s algorithm requirement. But then, the aquifer unit
thickness (T) thematic parameter was considered for the GOD
model’s algorithm enhancement. Thus we have the modified GODT
model’s algorithm. The hydrological significance of these selected
GPCFs have been discussed in the studies of Mogaji et al. (2011),
Adiat et al. (2013), Jha et al. (2010), Mogaji (2016a,b). According
to Fig. 4, the spatial attributes of these factors in respect of their
relevant towards groundwater occurrences assessment are varied
from one place and largely space dependent (Jha et al., 2010;
Machiwal et al., 2010; Manap et al.,, 2011; Adiat et al., 2012;
Mogaji and Lim, 2016). The concept of harmonizing these factors’
varying degree of hydrological influence in producing a reliable
decision support system (DSS) model for mapping groundwater
potential zones in the investigated area is the laudable task in this
study. To achieve this task, the functionality of the proposed GODT
modeling algorithm and its comparative application results with
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Table 2
The summary of the derived GPCFs for the adopted MCDA modeling algorithms.

VES no Easting Northing Elevation G [0} D T

1 735253.5 809202.3 392 NN 56.00 1.20 1.90
2 735,259 809,267 399 C 1276.00 3.60 38.30
3 735,278 809,332 408 C 1428.00 2.20 23.30
4 735,209 809,384 409 C 717.00 11.00 19.60
5 735,350 809,429 406 U 304.00 12.30 29.30
6 735,426 809,312 394 SC 434.00 5.20 24.10
7 735,581 809256.5 401 8] 184.00 2.00 34.80
8 735,597 809,361 401 C 76.00 1.10 10.00
9 735,765 809303.4 390 u 247.00 4.80 11.60
10 735,752 809,449 398 SC 519.00 6.50 39.30
11 735,686 809,525 400 SC 418.00 3.50 13.20
12 735,551 809,763 398 U 394.00 6.70 18.20
13 735,775 809,925 401 C 1171.00 3.60 14.10
14 735,683 809,692 407 SC 510.00 9.10 27.00
15 735,876 809,815 418 C 1802.00 9.20 18.40
16 736,023 809,892 414 SC 624.00 14.10 16.20
17 736,038 810,054 415 C 808.00 5.60 59.20
18 736,042 809,532 409 u 255.00 3.60 6.90
19 735,418 809,491 399 u 647.00 3.10 14.80
20 735,938 809,515 410 SC 582.00 2.20 18.60
21 735,827 809,562 416 C 1627.00 2.60 10.50
22 736,362 809,631 407 C 94.00 1.30 3.60
23 736,331 809,664 409 U 104.00 2.20 6.90
24 736,403 809,671 403 NN 80.00 0.70 1.20
25 736,454 809,762 415 8] 158.00 1.10 3.20
26 736,747 809,878 408 NN 161.00 1.10 1.20
27 736,769 809764.4 409 SC 394.00 1.90 3.70
28 736560.7 809707.5 404 NN 46.00 1.30 3.10
29 736,298 809,594 414 C 523.00 8.60 26.10
30 736244.9 809543.3 409 8] 173.00 2.20 29.00
31 736,174 810,143 405 C 825.00 2.90 9.40
32 736,121 810,083 410 C 817.00 11.60 19.70
33 736,073 810,162 403 C 1092.00 11.80 12.60
34 736,309 810,034 417 8] 149.00 0.50 5.20
35 736,634 810,102 405 C 44.00 0.40 4.60
36 736,239 810,034 417 NN 441.00 0.90 0.50
37 736,152 809,788 412 C 1300.00 3.40 2.00
38 736,645 810,030 425 NN 58.00 1.80 0.90
39 736,538 809,936 417 NN 86.00 1.30 0.80
40 736,507 809,998 415 NN 209.00 0.50 0.60
41 735,499 809,563 396 8] 175.00 6.80 36.10
? ? ? ? ? ? ? ?

? ? ? ? ? ? ? ?

72 736,755 809,840 425 C 48.00 1.30 4.30
73 735,625 809,527 406 C 1611.00 16.70 22.90

G: groundwater reservoir conferment; O: Aquifer Overlying strata resistivity; D: Depth to groundwater aquifer top; T: Aquifer unit thickness; U: Unconfined aquifer; SC:
Semi-unconfined aquifer; C: Confined aquifer and NN: Non-aquifer; GPCFs: Groundwater potential conditioning factors.

Table 3
The modelling criteria for the area mapped aquifer types (modified after Olorunfemi
and Fasuyi, 1993).

S/N Aquifer overlying Groundwater Hydraulic Symbol
resistivity (Qm) Confinement

1 >100 or <600 Unconfined §)

2 >600 or <1000 Semi-unconfined SU

3 <100 or >1000 Confined C

4 0 Non-aquifer NN

U: Unconfined aquifer; SC: Semi-unconfined aquifer; C: Confined aquifer and NN:
Non-aquifer.

the applied results of the existing simple weighted AHP-MCDA
modeling algorithm were analyzed and processed in GIS
environment.

3.3. The theories and principles of the applied MCDA Models

3.3.1. The GODT modeling approach

GODT model is an index overlay data mining approach. The the-
oretical mechanism of this model takes its origin from the GOD
model (Foster, 1987). According to Foster (1987), this is a rating

system method that can process and standardize scoring values
derived from its required input parameters. In this study, the
required parameters for the proposed GODT model are as dis-
cussed above. In order to produce decision making index model
using these GPCFs, the GODT model algorithm was applied to har-
monize multi-criterially their relative importance towards ground-
water potentiality mapping and an estimated model’s aggregate
index results climax the processes. Involving the GIS application
in the GODT modeling application greatly easy its regional
prospectivity mapping. Thus for the established GODT-based esti-
mated aggregate index results mostly obtained from the combined
GPCFs’ maps, a regional prospectivity model map can be prepared
through applying the geostatistical wizard module in GIS environ-
ment. Mathematically, the standard synthesizing mechanism algo-
rithm relationship for the proposed GODT model modified after
Andreo et al. (2005) and Adeyemo et al. (2015) is expressed in

Eq. (1)
GODT.index=Gx O xDxT (1)

where G: groundwater hydraulic confinement; O: aquifer overlying
strata; D: depth to groundwater aquifer top; T: aquifer unit
thickness.
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Fig. 4. The GPCFs thematic parameter layers produced for the applied GODT and AHP MCDA models (a) groundwater hydraulic conferment (G); (b) Aquifer Overlying strata

resistivity (0); (c) Depth to groundwater aquifer top (D); (d) Aquifer unit thickness (T).

Table 4

A matrix of pair-wise comparisons of groundwater potential conditioning factors (GPCFs) for the AHP process.

Pairwise comparison 9 point continuous rating scale

Less important

More important

1/9 1/7 1/5 3 5 7 9

Extremely Very strongly Strongly Equally Moderately Strongly Very strongly Extremely
[0} D Weights CR

T 3 5 0.42 0.074

G 3 5 0.35

o 1 3 0.15

D 1/3 1 0.08

Column total 7.333 14 1

G: groundwater hydraulic confinement; O: aquifer overlying strata; D: depth to groundwater aquifer top; T: aquifer unit thickness.

Table 5

The adapted Scoring attribution Notes fathomed for the GODT Model-based GPCFs’ parameter maps (modified after Khemiri et al. (2013)).
G Note 0 (Q-m) D (m) Note T (m) Note
NN 0 34-339 0.4-2.82 1 0.53-8.34 0.07
C 0.2 339-637 2.82-5.31 0.9 8.34-15.24 0.13
SC 0.3-0.5 637-901 5.31-7.48 0.8 15.24-20.99 0.2
§) 0.6-1 901-1233 7.48-9.90 0.7 20.99-30.18 0.27

1233-1802 9.90-16.66 0.6 30.18-59.14 0.33

G: Groundwater hydraulic confinement; O: Aquifer overlying strata formation; D: Depth to aquifer and T: aquifer unit thickness; NN: Non-Aquifer; C: Confined Aquifer; U:

Unconfined Aquifer and SC: Semi-confined Aquifer.

3.3.2. The AHP-MCDA technique

This is a knowledge driven multi-criteria mining technique that
is potentially bias in human input or requiring of expert input in its
efficacy application for environmental decision making (McKay

and Harris, 2015). The operation mechanism of AHP-MCDA
method is largely driven by Saaty scale standard. As reported in
the study of Akinlalu et al. (2017), the Saaty has suggested the scale
standard to be of 5 point calibration (1-3-5-7-9). Using this scale
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Table 6
The score/rate scaling records based on the applied GODT modeling mechanism.

VES no Eastings Northings G 0] D T

1 735,254 809,202 0.00 0.40 0.60 0.07
2 735,259 809,267 0.20 0.80 0.70 033
3 735,278 809,332 0.20 0.80 0.60 0.27
4 735,209 809,384 0.20 0.50 1.00 0.20
5 735,350 809,429 0.60 0.40 1.00 0.27
6 735,426 809,312 0.30 0.50 0.70 0.27
7 735,581 809,257 0.60 0.40 0.60 0.33
8 735,597 809,361 0.60 0.40 0.60 0.13
9 735,765 809,303 0.60 0.40 0.70 0.13
10 735,752 809,449 0.30 0.50 0.80 0.33
11 735,686 809,525 0.30 0.50 0.70 0.13
12 735,551 809,763 0.60 0.50 0.80 0.20
13 735,775 809,925 0.20 0.80 0.70 0.13
14 735,683 809,692 0.30 0.50 0.90 0.27
15 735,876 809,815 0.20 0.60 0.90 0.20
16 736,023 809,892 0.30 0.50 1.00 0.20
17 736,038 810,054 0.20 0.70 0.80 033
18 736,042 809,532 0.60 0.40 0.70 0.07
19 735,418 809,491 0.60 0.50 0.60 0.13
20 735,938 809,515 0.30 0.50 0.60 0.20
21 735,827 809,562 0.20 0.60 0.60 0.13
22 736,362 809,631 0.60 0.40 0.60 0.07
23 736,331 809,664 0.60 0.40 0.60 0.07
24 736,403 809,671 0.00 0.40 0.60 0.07
25 736,454 809,762 0.60 0.40 0.60 0.07
26 736,747 809,878 0.00 0.40 0.60 0.07
27 736,769 809,764 0.30 0.50 0.60 0.07
28 736,561 809,708 0.00 0.40 0.60 0.07
29 736,298 809,594 0.20 0.50 0.90 0.27
30 736,245 809,543 0.60 0.40 0.60 0.27
31 736,174 810,143 0.20 0.70 0.60 0.13
32 736,121 810,083 0.20 0.70 1.00 0.20
33 736,073 810,162 0.20 0.80 1.00 0.13
34 736,309 810,034 0.60 0.40 0.60 0.07
35 736,634 810,102 0.60 0.40 0.60 0.07
36 736,239 810,034 0.00 0.50 0.60 0.07
37 736,152 809,788 0.20 0.80 0.80 0.07
38 736,645 810,030 0.00 0.40 0.60 0.07
39 736,538 809,936 0.00 0.40 0.60 0.07
40 736,507 809,998 0.00 0.40 0.60 0.07
41 735,499 809,563 0.60 0.40 0.80 033
42 735,699 809,581 0.30 0.40 0.70 0.07
43 735,885 809,379 0.30 0.50 1.00 0.13
44 735,838 809,430 0.20 0.60 0.90 0.20
45 735,933 809,466 0.00 0.40 0.60 0.20
46 735,961 809,417 0.20 0.50 0.60 0.07
47 736,167 809,579 0.60 0.40 0.70 0.13
48 736,031 809,666 0.60 0.40 0.80 0.27
49 735,968 809,701 0.30 0.50 1.00 0.20
50 736,450 809,641 0.00 0.40 0.60 0.07
51 735,175 809,212 0.30 0.50 0.60 0.27
52 735,402 809,368 0.60 0.40 1.00 0.20
53 735,430 809,243 0.00 0.50 0.70 0.20
54 735,715 809,376 0.00 0.50 0.90 0.20
55 735,828 809,341 0.00 0.70 0.90 0.07
56 735,565 809,415 0.30 0.50 0.90 0.27
57 736,052 809,461 0.60 0.40 0.70 0.27
58 736,295 809,556 0.60 0.40 0.60 033
59 736,671 809,739 0.00 0.40 0.60 0.07
60 736,294 809,905 0.30 0.50 1.00 0.13
61 736,163 809,925 0.00 0.70 1.00 0.13
62 736,375 810,239 0.20 0.60 0.80 0.20
63 736,551 809,825 0.00 0.40 0.60 0.07
64 736,755 809,928 0.00 0.40 0.60 0.07
65 736,217 809,695 0.00 0.40 0.60 0.07
66 736,621 809,720 0.00 0.40 0.60 0.07
67 736,643 809,849 0.60 0.40 0.60 0.13
68 736,677 809,938 0.00 0.40 0.60 0.07
69 736,702 810,021 0.00 0.40 0.60 0.13
70 736,578 809,978 0.60 0.40 0.60 0.07
71 736,390 809,869 0.30 0.50 1.00 0.07
72 736,755 809,840 0.60 0.40 0.60 0.07
73 735,625 809,527 0.20 0.60 1.00 0.27

G: groundwater reservoir conferment; O: Aquifer Overlying strata resistivity; D: Depth to groundwater aquifer top and T: Aquifer unit thickness.
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Table 7

Probability weighted and rating (R) for the classes of the GPCFs produced hydrologic themes.

GPCFs hydrologic themes Category (Classes) Potentiality for groundwater storage Rating (R) Normalized weight (W)
Groundwater hydraulic confinement (G) Unconfined aquifer Very high 5 0.35
Confined aquifer High 4
Semi confined aquifer Medium 3
Non aquifer Low 2
Aquifer overlying strata (O) 34-339 High 4 0.15
339-637 Very high 5
637-901 Medium 3
901-1233 Low 2
1233-1802 Very low 1
Water table depth (D) 0.4-2.82 Very high 5 0.08
2.82-5.31 High 4
5.31-7.48 Medium 3
7.48-9.90 Low 2
9.90-16.66 Very low 1
Aquifer thickness (T) 0.53-8.34 Very low 1 0.42
8.34-15.24 Low 2
15.24-20.99 Medium 3
20.99-30.18 High 4
30.18-59.14 Very high 5

GPCFs: groundwater potential conditioning factors.
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Fig. 5. Frequency chart for different VES-type curves obtained in the study area.

standard according to Saaty and Vargas (1991a,b), Pair-Wise com-
parison Matrices involving comparison of one criteria to one
another can be constructed. Interpreting this scale was such that
value of 1 suggests that one criterion is equally important to the
paired criterion and a value of 9 leads one to infer that the criterion
under consideration is extremely important in relation to the other
criterion considered (Table 4). The pair-wise comparison technique
represents a theoretically founded basis to compute weights indi-
cating the relative importance of the criteria. The uniqueness of
this model’s theory application in environmental decision making
process is that of its capability to computing the level of consis-
tency in the pairwise comparison matrices via applying the mod-
el's sound mathematical basic equations as detailed in the
studies of Zhou and Chen (2014), Mogaji and Lim (2016) and
Akinlalu et al. (2017). The prepared Pair-Wise comparison Matrices
for the selected GPCFs is shown in Table 4.

3.4. The applicability of GODT and AHP-MCDA models in groundwater
potential mapping

The produced four geoelectrical parameters derived maps
namely: the groundwater hydraulic confinement, aquifer overlying
strata, depth to groundwater aquifer top and aquifer unit thickness
(Fig. 4) referred to as GPCFs prepared for the area were used as
input parameters for establishing the aptness of the GODT algo-
rithm in groundwater potentiality assessment. With these GPCFs’
themes also, the proficiency of the renowned AHP-MCDA tech-

nique was investigated. Firstly, the proposed GODT modeling
mechanism was applied on each GPCFs’ map representing the
groundwater occurrence evidences, noting their varying degree
of influence on the area groundwater storage potentiality. The spa-
tial attributes of these GPCFs’ map’s boundaries considered in the
GODT modeling mechanism was quantitatively evaluated through
applying the attribution scoring scale presented in Table 5.
Through using the attribution scale, the NOTE’s values in columns
2,4, 6 and 8 that defined the ranges of groundwater storage poten-
tiality were assigned to each map’s class boundaries in function of
their influence on groundwater storage potential. With the appli-
cation of these NOTE’s interpretation scale, records of score/rate
at each VES locations depicted on the GPCFs’ thematic maps
regarding the observed spatial attributes at each VES locations
were obtained (Table 6). The established GODT modeling algo-
rithm (Eq. (1)) was applied to synthesize the records (Table 6) in
GIS environment to determine the GODT-based estimated aggre-
gate index results. According to Adiat et al. (2012) and Mogaji
(2016a,b), the GODT-based estimated aggregate index is synony-
mous to groundwater potential index (GWPI) quantitatively com-
puted for the area. Thus, it was referred to as GODT model-based
GWHPI (Table 8). Secondly, the modeling algorithm of the AHP-
MCDA method was equally used to evaluate these produced GPCFs
maps. The applied AHP-MCDA model on these GPCFs was pur-
posely used to estimate the groundwater potential index (GWPI)
characteristics in the area. In order to integrate the effect of each
GPCFs for determining the AHP- based GWPI values variation in
the area, the established steps reported in the studies of
Chowdhury et al. (2009), Jha et al. (2010), Mogaji and Lim (2016)
were adopted. Table 7 gives the analysis of the effects of the
selected GPCFs on groundwater storage potentiality. The estab-
lished AHP-MCDA index modeling algorithm for estimating GWPI
in the field of groundwater hydrology is given in Eq. (2):

GWPI = GwGg + OwOg + DwDg + TwTr (2)

where subscripts W and R are the normalized weights and ratings
for each unify GPCFs, respectively. R in Eq. (2) define the ranges
of groundwater storage potentiality within each unify GPCFs. The
information for the applied AHP-MCDA index modeling algorithm
(Eq. (2)) in groundwater potential mapping are provided in Table 7.
According to this Table, the GPCFs’ hydrologic themes’ names and
their classes/ranges are given in columns 1 and 2. Whereas, the Rat-
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The computed results of the GODT and AHP-MCDA modeling algorithms.

VES nos Location’s coordinates GODT model-based AHP model-based
Long Lat GWPI values GWPI values
1 735,254 809,202 0.00 1.80
2 735,259 809,267 0.04 3.46
3 735,278 809,332 0.03 2.96
4 735,209 809,384 0.02 3.16
5 735,350 809,429 0.07 4.43
6 735,426 809,312 0.03 4.07
7 735,581 809,257 0.05 4.53
8 735,597 809,361 0.02 3.27
9 735,765 809,303 0.02 3.77
10 735,752 809,449 0.04 4.49
11 735,686 809,525 0.01 3.15
12 735,551 809,763 0.05 4.00
13 735,775 809,925 0.02 2.20
14 735,683 809,692 0.04 4.15
15 735,876 809,815 0.02 2.78
16 736,023 809,892 0.03 3.51
17 736,038 810,054 0.04 3.76
18 736,042 809,532 0.01 2.93
19 735,418 809,491 0.02 3.20
20 735,938 809,515 0.02 3.49
21 735,827 809,562 0.01 2.12
22 736,362 809,631 0.01 2.85
23 736,331 809,664 0.01 2.85
24 736,403 809,671 0.00 1.80
25 736,454 809,762 0.01 2.85
26 736,747 809,878 0.00 1.80
27 736,769 809,764 0.01 2.65
27 736,561 809,708 0.00 1.80
28 736,298 809,594 0.02 3.80
29 736,245 809,543 0.04 4.11
30 736,174 810,143 0.01 2.50
31 736,121 810,083 0.03 3.16
32 736,073 810,162 0.02 2.59
33 736,309 810,034 0.01 2.85
34 736,634 810,102 0.01 2.85
35 736,239 810,034 0.00 1.95
36 736,152 809,788 0.01 1.78
37 736,645 810,030 0.00 1.80
38 736,538 809,936 0.00 1.80
39 736,507 809,998 0.00 1.80
40 735,499 809,563 0.06 4.69
41 735,699 809,581 0.01 2.73
42 735,885 809,379 0.02 3.39
43 735,838 809,430 0.02 2.78
44 735,933 809,466 0.00 3.06
45 735,961 809,417 0.00 3.00
46 736,167 809,579 0.02 3.77
47 736,031 809,666 0.05 427
48 735,968 809,701 0.03 3.51
49 736,450 809,641 0.00 1.80
50 735,175 809,212 0.02 4.33
51 735,402 809,368 0.05 4.01
52 735,430 809,243 0.00 3.22
53 735,715 809,376 0.00 3.38
54 735,828 809,341 0.00 224
55 735,565 809,415 0.04 4.15
56 736,052 809,461 0.05 4.19
57 736,295 809,556 0.05 4.53
58 736,671 809,739 0.00 1.80
59 736,294 809,905 0.02 3.39
60 736,163 809,925 0.00 239
61 736,375 810,239 0.02 2.70
62 736,551 809,825 0.00 1.80
63 736,755 809,928 0.00 1.80
64 736,217 809,695 0.00 1.80
65 736,621 809,720 0.00 1.80
66 736,643 809,849 0.02 3.27
67 736,677 809,938 0.00 1.80
68 736,702 810,021 0.00 222
69 736,578 809,978 0.01 2.85
70 736,390 809,869 0.01 2.97
71 736,755 809,840 0.01 2.85
72 735,625 809,527 0.03 3.28
73 735,254 809,202 0.00 1.80
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Table 9
The characteristics of the groundwater potentiality maps based on the applied MCDA models.
Potential index classification AHP model GODT model
Range Areal (%) Range Areal (%)
L 1.78-2.42 17 0.00-0.01 29
LM 2.42-2.97 30 0.01-0.02 24
M 2.97-3.55 29 0.02-0.03 31
H 3.55-4.69 24 0.03-0.07 16

L: Low; LM: Low-medium; M: Medium; H: High; MCDA: Multi-criteria decision analysis and AHP: Analytical Hierarchical Process.

ing (R) for the themes which defined the ranges of the potentiality
for groundwater storage interpretation based on the order of each
factors map’s class boundary influences is given in column 4. In
accordance with Al-Saud (2010) and Murthy (2000), the assigned
rating scale R of 1 to 5 are interpreted as very low, low, medium,
medium high, and high groundwater storage potentiality, respec-
tively. The weights “W” in column 5 are the normalized weights
for each GPCFs’ themes determined based on the AHP approach dis-
cussed in Section 3.3.2. The “W” thus indicate their relative impor-
tance in contributing towards groundwater potentiality assessment
in the area. In order to apply the GWPI algorithm given in Eq. (2) for
GWPI index values computation, each VES locations depicted on the
GPCFs’ thematic maps (Fig. 4) were considered. The attributes of the
observed location point reference to the class boundaries of any of
the considered GPCFs’ maps were interpreted vis-a-vis their corre-
sponding groundwater potentiality interpretation as defined by
the rating (R) scales assignment (Table 7). With the determined R
and W variables at each criterion map observed location points,
the linear additive combination of these variables using Eq. (2),
the index (GWPI) values can be estimated.

735200 735600
| 1

736000
1

4. Results and Discussion
4.1. The 1-D Schlumberger Depth sounding survey results

The Schlumberger Depth sounding results analysis carried out
in this study were based on the inverted electrical sounding curves
interpreted in form of the earth models. The generated geoelectric
section earth models (not shown) often give insight into the sub-
surface structure and stratigraphy on the basis of the distribution
of the interpreted geoelectrical resistivity values. The typical curve
types obtained from the field measurements are shown in Fig. 3.
The curve types range from simple 3-layer H type to complex 4-
layers curves HKH type. According to Table 1, the records of the
curve types characterizing the study area established that KH curve
type is the most predominant among others (Fig. 5). This curve
type being a combination of H and K curve types are typical curve
types that revealed the complexity of crystalline multi-faceted
geologic terrain (Jayeoba and Oladunjoye, 2013; Ndatuwong and
Yadav, 2014; Kayode et al., 2016). Qualitatively, these curves types
often gives mirror image of the successive lithologic sequence from
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Fig. 6. Groundwater potential prediction index (GPPI) map based on GODT-MCDA model approach.
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Fig. 7. Groundwater potential prediction index (GPPI) map based on AHP-MCDA model approach.

which physical properties of the material constituents of each
identified lithological units can be interpreted for groundwater
prospect of an area (Mogaji et al., 2011; Oladapo-Adeoye et al.,
2015; Mogaji, 2016b). For the purpose of the precise subsurface
lithological characterization, the information from the surrounding
bore well litho-logs were used for constraining the VES data inter-
pretation. The lithological sequence delineated in the area consist
of topsoil, laterite, fractured/weathered materials and bedrock.
The lithological sequence’s interpreted geoelectrical parameters
(resistivity, thickness) beneath each occupied VES location are in
the range of (34-536 Qm, 0.4-1.8 m), (659-12,601 Qm, 0.5-11.4
m), (20-810 Qm, 1.9-50.7 m) and (303-49,719 Qm), respectively
(Table 1). Table 1 records were further analyze to derive relevant
hydrological factors for effective groundwater prospect assessment
in the area. The results of the derived groundwater potential con-
ditioning factors (GPCFs) based on the interpreted geoelectrical
parameters are presented in Table 2. With the application of GIS
tool, Table 2 results were spatially modeled to produce the GPCFs’
thematic maps (Fig. 4a-d).

4.2. The GODT and AHP-MCDA models applications results in the
groundwater potential prospecting

The application results of the proposed GODT and the surviving
AHP-MCDA data mining models (Fig. 2) towards achieving these
research objectives were reported in Tables 4, 5 and 7. According
to Table 5, the records for the Note’s columns, were the applied cal-
ibration scale for the GODT modeling mechanism. Each GPCFs’
Note records indicate the groundwater potentiality interpreted
results. For the G factor, the unconfined aquifer is assigned the
highest potentiality result (0.6-1) compared to that of confined
aquifer (0.2) (column 2). This is qualitatively due to the fact that
the unconfined aquifer top is directly exposed to higher surface

water recharge infiltration unlike the confined aquifer top (Sahoo
et al., 2016a and Dhar et al., 2014). Further in the O factor’s column,
the numerical value 0.8 i.e. the Note column is assigned to the
boundary class of 901-1233 Q-m which is higher than 0.4 values
assigned to the boundary class of 34-339 Q-m. The reason is
because the boundary class of 901-1233 Q-m indicate relatively
evidence of anomalous fractured features unlike the latter bound-
ary unit that has clayey nature evidence in place. Regarding such
4th class boundary of O factor, the suspected fractured features
can greatly enhance secondary porosity for higher groundwater
potentiality unlike that of the clayey unit (the 1st class boundary)
notable for low porosity and negligible permeability (Oladapo-
Adeoye et al., 2015; Mogaji, 2016a,b). Further, in the case of depth
to groundwater aquifer top (D) factor, considering the instance of
deeper D estimate, the potentiality rate is often very low qualita-
tively, whereas high potentiality is attributed to a shallower D esti-
mate as interpreted in column 6. For the aquifer units factors on
the other end, the thicker boundary class unit (30.18-59.14 m)
has the highest note value result while the thinner boundary unit
(0.5-8.34 m) is assigned the lowest note value (Column 8). This is
adduced to fact that a thicker aquifer unit is characterized with
higher groundwater potentiality and vice-versa with thin aquifer
unit bed (Jha et al., 2010; Adiat et al., 2013 and Mogaji and Lim,
2016). Implementing these interpreted records of GPCFs’ Notes
that have established the potentiality evaluation relevance of these
influential factors through using of GODT model’s principle and its
algorithm Eq (1), the groundwater potential index beneath the VES
locations were estimated. The determined GODT- based GWPI esti-
mate beneath each occupied VES location are detailed in column 4
of Table 8. According to the Table, the GODT- based GWPI esti-
mates for the area varies between 0.01 and 0.065. For the case of
AHP-MCDA model on the other end, Tables 4 and 7 show the
records of the application results. Column 5 of Table 7 gives the
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determined normalized weight based on the AHP-MCDA modeling
principle. Among the geoelectrical derived GPCFs, the aquifer unit
thickness has the highest assigned weight (0.42) compared to the
remaining factors’ weights. Quantitatively, the aptness of T factor
serving as the enhanced parameter in the proposed MCDA - GODT
model is established. These determined GPCFs’ weighting assign-
ment established the varied degree of these unify factors’ contribu-
tions towards groundwater potential occurrence in the area with
the aquifer unit thickness having the highest influence. The appro-
priateness of the determined GPCFs’ normalized weights (Column
5) is guided by the computed consistency ratio (0.074) shown in
column 7 of Table 4. The multi-criterially analysis of the GPFCs
for estimating groundwater potential index (GWPI) values charac-
terizing the area was carried out employing the established Eq. (2).
The AHP-MCDA based computed GWPI values records are pre-
sented in column 5 of Table 8. Table 8 established that the AHP-
MCDA-based GWPI index values characterizing the study area
are in the range of 1.78 to 4.68. This estimated AHP-MCDA- based
GWPI is a relative measure of potentiality occurrence of groundwa-
ter in the area where areas with the higher index values have more
potential rating, as compared with those with a lower index values
(Chowdhury et al., 2009, Adiat et al., 2012; Mogaji and Lim, 2016).
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4.3. The modeling of groundwater potentiality maps based on GODT
and AHP-MCDA modeling application results

Table 8 shows the record of the estimated index values result-
ing from the applied MCDA models in the study area. From the
table, Columns 4 and 5 were processed in GIS environment to spa-
tially model the estimated index attributes of the area via adopting
the quantile classification technique used in the studies of Rahmati
et al. (2016) and Naghibi et al. (2015). Through using the classifica-
tion ranges in column 2 and 4 of Table 9, the area groundwater
potentiality prediction index (GPPI) maps were produced in GIS
environment. The produced maps demarcate the area into four
classes of potential zones namely; Low, Low-medium, Medium
and High (column 1 of Table 9). Figs. 6 and 7 present GODT-
MCDA model based map and AHP-MCDA model based map,
respectively. The analyzed results of Figs. 6 and 7 for the corre-
sponding areal coverage and percentage in each predicted ground-
water potential zones category are detailed in Table 9. Based on
this table, the GODT model-based GWPI produced map, the lows
potential classes (L and LM) account for area coverage of about
53% while the predicted areas for both M and H potential classes
cover 31% and 16%, respectively. Similarly, on the AHP-MCDA-
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based GWPI map, the area covered by the lows potential classes (L
and LM) occupy 47% areas, meanwhile both M and H potential
classes account for 29% and 24%, respectively.

4.4. Validation of the GPPI maps and the MCDA Models performance
evaluation

The integral part of this study is to evaluate the reliability of a
produced decision support system (DSS) tool for possible imple-
mentation in environmental decision making studies. As reported
in the studies of Jha et al. (2010), Nampak et al. (2014), Mogaji
and Lim (2017a), validation is the very apt scheme for establishing
the reliability of any proposed DSS model in decision making pro-
cess. Conventionally, the act of employing the step-drawdown test
data and available yield data validation approaches would have
been more appropriate for the produced GPPI maps validation,
but the paucity of data is a constraint (Jha et al., 2010; Mogaji,
2016a,b). Therefore, a correlation technique approach as reported
in the studies of Pradhan et al. (2013), Singh et al. (2014),
Pearson (1900), Snedecor and Cochran (1980), that can allows
scrutinizing the connection between two measurable and continu-
ous variables is potentially explored. Likewise, the spatial attribute
comparative scheme validation approach is also looked into in this
study. In order to achieve this objective, the measured well data i.e.
well water column thickness determined from the available hand
dug wells in the investigated area as supported in the study of
Akinlalu et al. (2017) were analyzed involving the correlating tech-
nique approach. For this approach, the GIS spatial analyst tool was
used for extracting the spatial pixel values of the spatially modeled
well water column thickness estimates against the corresponding
estimated values of GODT-based GWPI at each VES locations in

the area. The results obtained were used to developed correlations
graph plots. Fig. 8a represent the plots of the 73 correlated data
pairs between the well water column thickness estimates and
the GODT-based GWPI estimates. According to the plots, the
regression coefficient ‘r’ for the quantitative relationship between
the GODT model-based GWPI values and well water column thick-
ness values is 89% (Fig. 8a). Further, the spatial attribute compara-
tive scheme (SACS) on the other hand is experimented following
the similar approach documented in the studies of Manap et al.
(2011), Mogaji et al. (2015a), Mogaji and Lim (2016). The SACS
entails validating the groundwater conceptual model map pro-
duced (Fig. 6) through qualitative comparison of the predicted
potential zones’ attributes with the produced well water column
thickness (WWCT) map (Fig. 9). Using the spatial attributes bound-
ary classes of range 0.65-1.57, 1.57-2.54, 2.54-3.39 and 3.39-4.84
according to Fig. 9, the WWCT values observed at each located
hand-dug well (See column 4 of Table 10) were calibrated and
qualitatively compared with the spatial attribute of the predicted
potential zones on the GPPI model map (Fig. 6). The results of this
analysis gives the validation results presented in Table 10. Accord-
ing to Table 10, the prediction accuracy of the produced GODT
model-based GPPI map was quantitatively evaluated to provide
72.5% prediction capability. Applying the aforementioned dis-
cussed validation approaches, the AHP-based GWPI produced GPPI
map (Fig. 7) was also validated to give the regression coefficient ‘r’
of 84% (Fig. 8b) for the former approach and 65% for the latter
approach. The resulting line of fit which show positive correlation
between the GODT model-based GWPI values and AHP-MCDA-
based GWPI values and well water column thickness values vali-
dated the performance evaluation of both proposed GODT model
and the applied AHP-MCDA model.
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Table 10
The spatial attribute comparative scheme qualitative result.

Well no Observed coordinates WWCT determined Attributes comparison Remark
Long Lat GODT model-based GPPI map AHP model-based GPPI map

1 735858.2 809357.8 3.83 Disagree Agree

2 735557.3 809454.4 4.84 Agree Agree

3 735381.2 809357.8 3.77 Agree Agree

4 736664.6 809744 0.85 Agree Agree

5 736605 809780.9 1.76 Disagree Disagree
6 736485.7 809914.3 0.65 Agree Agree

7 736042.8 810110.3 3.04 Agree Agree

8 735188.01 809464.27 3.65 Disagree Disagree
9 735943.98 809441.31 1.02 Agree Disagree
10 735146.2 809420.6 3.79 Disagree Disagree
11 736005.87 809510.83 3.55 Disagree Disagree
12 735373.44 809634.23 4.75 Agree Agree
13 735789.16 809824.25 2.99 Agree Disagree
14 736270.81 809565.07 3.99 Agree Agree
15 736037.54 809660.1 3.86 Agree Agree
16 736182.05 809958.5 0.83 Agree Disagree
17 736543.26 810143.21 0.92 Agree Agree
18 735893.55 809697.54 3.26 Agree Agree
19 735151.79 809322.28 3.82 Agree Disagree
20 736403.7 810163.73 1.11 Disagree Disagree
21 735447.32 809396.16 3.65 Disagree Agree
22 736366.76 810048.8 0.89 Agree Disagree
23 735714.12 809305.86 1.05 Agree Disagree
24 735373.44 809634.23 3.12 Disagree Disagree
25 736243.62 809823.05 1.75 Disagree Agree
26 736654.09 809855.88 0.87 Agree Disagree
27 736502.22 809745.06 0.92 Agree Agree
28 735623.82 809896.93 3.05 Agree Agree
29 735529.42 809334.59 3.8 Agree Agree
30 735554.04 809260.71 3.65 Agree Agree
31 736530.95 810135 0.92 Agree Agree
32 736132.8 810200.67 2.03 Agree Agree
33 735533.52 809531.62 4.15 Agree Agree
34 735357.02 809211.45 2.98 Agree Agree
35 736075.33 809470.05 4.1 Agree Agree
36 735986.3 809983.13 33 Agree Agree
37 735205.15 809277.13 3.88 Agree Agree
38 735447.32 801396.16 4.77 Disagree Agree
39 735586.8 809843.51 3.84 Agree Agree
40 735151.79 809322.28 4.55 Disagree Disagree

WWCT: Well water column thickness.

In addition, from the perspective of multi-faceted geology
(Fig. 1c) correlation with the produced GPPI maps (Figs. 6 and 7),
the predicted high and medium potential zones in these maps
were observed underlain by the quarzitic rock type. The low poten-
tial zone on the other hand is found covering the charnokitic rock
type area while low medium and small patches of low potential
zones sheltered the granite rock type region. In accordance with
Ojo et al. (2011), geologic features such as faults and shear zones
are often associated with the quarzitic rocks region whose weath-
ering products is sandy. The resulting sandy weathering product
and those possible geologic features often enhanced secondary
porosity creation and good aquifer material development which
could have contributed to groundwater potentiality and occur-
rences of the predicted high and medium zones in the area. In a
charnokitic rocky area, the soil weathering product is clayey mate-
rial. According to Mogaji and Lim (2017a), clayey formation is
impervious and its physical properties are low porosity and negli-
gible permeability which make it a bad aquifer material that can
only support low potential yield rating. With this geological corre-
lated results, the MCDA model’s produced GPPI maps are further
validated. Sequel to the above validation results, the proposed
GODT model’s reliability for decision making process is further
established including the prediction capability of the applied
MCDA-AHP technique.

5. Conclusion

Water is one of the most precious natural resources needed for
man’s existence. Surface water being the most often available
source of water is not always in the right place, at the right time
and of the right quality. Hence, the need arises to consider ground-
water as an alternative source of water resource supply. Ground-
water potentiality zones mapping is an important measures in
groundwater resources sustainable development. Several multi-
criteria decision analysis (MCDA) approaches have been deployed
by numerous researchers for effective analysis in this regard. To
increase developing decision support model tool in the field of
groundwater hydrology, a new MCDA-GODT modeling algorithm
is proposed. The application of the GODT model is investigated
for groundwater potentiality mapping in a typical crystalline
multi-faceted geologic terrain, southwestern, Nigeria. The decision
support model map produced with the applied GODT modeling
method were compared with the applied results of the conven-
tional AHP-MCDA modeling method to a real-world case study
setting. The produced groundwater potentiality prediction index
(GPPI) maps based on these MCDA approaches classified the area
into four potential zones. To produce the GPPI maps, the first step
was to derive four groundwater potential conditioning factors
(GPCFs)-hydro-geologic parameters (Groundwater hydraulic con-
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finement, Aquifer overlying strata, Depth to water table and Aqui-
fer thickness for implementing the GODT modeling algorithm.
These GPCFs were obtained from the interpreted 73 Schlumberger
depth sounding data acquired in the study area. The derived GPCFs
were converted to hydro-geologic theme parameters in GIS plat-
form and used as input to GODT and AHP-MCDA modeling mech-
anisms. The GODT and AHP-MCDA modeling algorithms were
applied to synthesize the GPCFs hydrologic themes and estimated
both GODT model-based GWPI values and AHP-MCDA model-
based GWPI values, respectively. The estimated GWPI values
record were processed in GIS environment to produce GODT
model-based GPPI map and AHP-MCDA model-based GPPI map
for the study area. The reliability and precision of the produced
GPPI maps for decision making were validated using both well data
sets and surface geologic correlation approaches. The regression
correlation coefficient results based on the well data analyzed
approach established 89% and 84% for GODT model and AHP-
MCDA model, respectively. Similarly, the validation approach
based on the spatial attribute comparative scheme (SACS) also
yielded 72.5% and 65% for these data mining models, respectively.
The qualitative correlation results of the geologic rock units with
the predicted potential zones also revealed good agreement for
these DSS models. The produced groundwater potentiality predic-
tion index (GPPI) maps can provide valuable information for
hydrogeologist, planners, and decision makers to put suitable plans
for sustainability development of groundwater resource in the
study area. Finally, based on this study, it can be concluded that
the proposed MCDA-GODT modeling algorithm method give more
reliable results in groundwater potentiality assessment in a multi-
faceted geologic terrain. Hence, this method can be used routinely
in groundwater exploration in favourable geological conditions.
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