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There is proliferation of shallow substandard private water wells, poor distribution of public water wells,
poor planning, and poor management of public wells in the Imo River basin Nigeria. Over 60% of water
wells developed in the basin is either abortive or not functional. To investigate this, 110 vertical electric
soundings (VES), 50 down-hole logs, and 44 pumping test data have been integrated into geographic
information system (GIS) in this study. Map of 44 county areas of the basin was produced. Thematic
maps showing mean values of water table, aquifer resistivity, aquifer thickness, and a groundwater
prospect map of the basin in five potential areas were also produced. Correlating the GIS map with
regional geologic map defined three groundwater prospect zones in the basin. Sustainable practices
recommended are government-private partnership for public wells, and private-private partnership for
private wells. Surface water development is recommended in zone 3, against groundwater development.
Geophysics/GIS groundwater prospect model shows significant correlation with geology, confirming
the effects of geology to groundwater development in the basin.
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INTRODUCTION

Unavailability of groundwater prospect map of the basin
area for public consumption is thought to have
contributed greatly to the increasing failure of water well
projects in certain parts of the Imo River basin Nigeria
(Figure 1la and 1b). For example, groundwater prospect
map is a vital tool to government in water well allocation
decision making process. By this, individuals,
organizations, communities, and governments could
visualize areas mapped as difficult for groundwater
development and then be committed to an alternative
water sources in such areas. This will reduce incidents of
failure, abortive, or abandoned public wells and non-
functionality of domestic water wells estimated at over

850 in the basin. It is therefore very necessary to do
everything possible that can reduce incidents of abortive
wells, substandard domestic wells, and non-functional
wells. With good groundwater prospect map, government
would award contracts of water well projects to only
viable areas, excluding areas where difficult subsurface
geology does not allow successful groundwater
development. Groundwater prospect map will allow fair
distribution of public water wells to communities.
Groundwater prospect map will reduce economic wastes,
and environmental degradation, as well as disappoint-
ment and hardship to the affected communities; based on
a model of distribution with no consideration for areas with
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Figure 1. Map of Nigeria showing Imo River basin.

groundwater development difficulty.

The result is economic waste, and environmental
degradation, as well as greater disappointment to the
affected communities. Citizens are therefore constrained
to the proliferation of shallow substandard wells often
recharged by surface water through fractures, and
harvested rain water stored in ground tanks of all
manners. This may be accountable to the persistence of
water related diseases in the basin.

Proliferation of shallow private/commercial wells of poor
standards by individuals also implies financial incapability
for standard wells. This is due to lack of functional public
water supply, and the excessive desire of citizens to be
self dependent. The most contaminated wells are usually
the shallow hand-dug rather than drilled, and having poor
casing material (Comely, 1987). Incidentally most of the
shallow private and commercial wells in the basin are
hand-driven, and some constructed with inferior casings.
According to Nwachukwu et al. (2010b), the greatest
problem of manual drilling is the impunity at which the
operators declare the drilling terminated, soon as the
crew penetrates the water table, or run out of energy. Ibe
et al. (2007), Nwachukwu et al. (2010a), and Nwachukwu
et al. (2010c), have confirmed that environmental
pollution in the Imo River basin increases from the shaly
north to the sandy south. They hold that human activities
also follow a similar trend, representing the primary
source of water pollution in the Imo River basin. The final
analysis implicates shallow wells in the sandy south to be

more vulnerable to pollution than the equivalent in the
north.

Geology

The basin is a 140 km N-S trending sedimentary syncline
located at the mid south-eastern part of Nigeria (Figure
1). It is rich in oil and gas and has many of Nigerian oil
fields. The basin has rich deposit of clay minerals, sand,
gravel, and lignite. Based on near surface lithology, the
Imo River Basin was divided into two zones (Nwachukwu
et al., 2010a). The northern zone consisting of group of
shale formations have greater drainage density, than the
southern zone belonging to the sandy Benin Formation
(Figure 10). Age of the shaly zone range from paleocene
to Albian, and the sandy zone is Olgocene to Recent.
Prospective horizon for groundwater development in the
basin varies from location to location. Age and
characteristics of the geologic units are discussed by
Reyment (1965), Onyeagocha (1980), and Ekweozor-and
Unomah (1990).

Recent investigation confirmed the presence of 40 to
70 counts of coliform per 100 ml of water in six out of ten
sampled shallow wells around Owerri (Nwachukwu et al.,
2010b). This may have significant health implications.
The average cost of treating severe typhoid fever and
diarrhea (alias stooling and vomiting) to families which
may result in sudden deaths is enormous. It is a major



source of poverty, draining both the household and the
state economy. The overall effects, including the loss of
man hour in both public and private sectors is alarming,
and difficult to be estimated due to lack of records. A
recent survey has confirmed the presence of one or two
abortive wells in the vicinity of three to five functional well
in the area. Most of the private and public wells became
abortive immediately on completion. Others became non-
functional 2 to 5 years after completion, or abandoned
during construction. If this situation continues unchecked,
the basin may encounter a more serious disaster with
quality of water resources, well interference and loss of
space or reservation for future groundwater development.

Singh and Prakash (2004) integrated thematic maps
through GIS for identification of groundwater potential
zones. Kamaleshwar et al. (2000) integrated some
physical parameters and terrain characteristics with GIS
and remote sensing to extract groundwater prospect zone
in Dala-Renukoot area of Uttar Pradesh, India. They
arrived at five groundwater prospect categories. Kumar et
al. (2010) has delineated groundwater potential zones
using remote sensing and GIS techniques in Kurmapalli
Vagu basin, India. They emphasized that systematic
planning of groundwater development using modern
techniques is essential for the proper utilization and
management of this precious but shrinking natural
resource. Similarly, they obtained five categories of
groundwater potential zones ranging from very good to
poor in the basin.

In this study, surface and borehole electrical resistivity
and SP, and pumping data are integrated in GIS to map
and explain the groundwater prospect zones of the basin.
Low success rate of drilling productive wells is a common
challenge in hard rock environment. The use of remote
sensing with ground or well information is becoming
effective method in improving success rate. Gezahegn
(2012), integrated thematic layers generated from
satellite images, existing maps and well data to delineate
the groundwater potential zones of Upper Tumet
catchment, Western Ethiopia. The resulting groundwater
prospect map revealed that large part of the study area
has poor groundwater potential which is in good
agreement with field measurements.

Shahid and Kumar Nath (2008) observed that
geophysical data help in locating the ground water
potential in any hydrogeological setup. The property and
thickness of various litho-units obtained from geophysical
survey at different locations if integrated can yield a
ground water potential model of higher reliability.
Omosuyi (2010) conducted a geoelectric assessment of
groundwater prospect and vulnerability of overburden
aquifers at idanre, southwestern Nigeria and confirmed
the suitability of the near surface aquifer for groundwater
development.

Water table depth is an important map layer,
parameter, and input variable for a wide variety of
environmental models and groundwater development
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decision support tool. Water table maps are used to
estimate ground water flow direction and velocity;
vulnerability assessments or pollution transport. It is
commonly used in environmental decision making such
as locating landfills and wastewater disposal sites. The
creation of water table maps is a well accepted practice
in ground water investigations. Jasrotia and Singh (2005)
used water table thematic layers and other parameters
integrated through the DRASTIC model within a GIS
environment to demarcate vulnerable zones of a
watershed.

Vulnerability of water table aquifer south of the basin
area

Figures 2 and 3 largely show contaminant transport to
the southeast after (Nwachukwu et al. (2010c). The
southward Otamiri River flow, and groundwater flow
facilitates this transport (Figure 2). South-southeast
tracking and capture zone of contaminants (Figure 3)
suggest greater groundwater pollution. Groundwater flow,
and contaminant transport is reduced in the south-end
portion of the area with horizontal and vertical flows at
the swamp (Figure 2b). There is indiscriminate dumping
of solid waste, and disposal of urban sewage on farm
land as fertilizer farm input. This habit increases
bioavailability of trace metals and other contaminants in
the southern portion of the basin. Shallow water table in
the south west flank of the basin enhances contaminant
transport and pollution of the water table \aquifer in the
basin area. These conditions greatly endanger shallow
water wells in the Imo River basin.

Using environmental impact models, Ibe et al. (2007)
also reported that pollutants are transported southwards
by surface water flow. According to them, the pollutants
could easily migrate to the water table and immediately
contaminate groundwater. Results of this study
emphasize moderate to high vulnerability of the water
table aquifer in the southern flank of the basin from
where the shallow wells are recharged (Figure 4).

Khalek and Omran (2008) integrated remote sensing,
geophysics and GIS to evaluate groundwater potentiality
in Sohag region of Egypt. Three groundwater potentiality
zones in the Quaternary aquifer of Sohag region were
demarcated. This study has evidently demonstrated the
capabilities of the integrated approach in delineation of
the different ground- water potential zones. The approach
can be used elsewhere with appropriate modifications for
identifying candidate well locations and in creating a GIS-
based hydrogeologic model of a selected area. Other
scholars have integrated different other parameters to
map groundwater potential zones successfully. Thus
Mayilvagama et al. (2011) integrated thematic layers of
lithology, geomorphology, drainage, soil, lineament, land
use and surface water body to delineate groundwater
potential zones in Thurinjapuram watershed. The result



Glob. J. Geosci. Geoinfo. 372

1 s 4 B & 7 B s 10 e =
oy ic — Z =
+ =
2 l/..—- - h e - 7]
P e RS ]
o — M- P e o ot .
: / iy AN S S
= C
} L HT ) JAARESNER
i L ‘\. LIV HEL 11 =
Fn ¥ spt 1 1A
Bt d Vs 1
B - |1 FR 7 -...‘f
g ele]e]= i )
+ =
= Ll === - - —1
ol e > ' —t
et )
. =7 =
¥ =7 ®Vertical flows
s 2] ®MVs, Orji (=9, x=5); Nekede (=10, x=6)

@ Monitoring wells

SMSWD River

; ¢
CCF_Mag AEDE fz -
08375 Il ol P P B e ) A i
AN AA TS EE LA e
07500 T A | P / } N
06875 \ R DB Bs B NENE
0.6250 3 (AP 4 MV
L ALt
05000 o= | Ll isE 1/ 1S
04375 v (I EARIA; s EE
0.3750 ol U0 4 WA
03125 : LT
0.2500 i _.'_.I.
0.1875 :
0.1250 -]
00625 oo . o
D £ ]
! ! 5
Y \ L]
3 Mangrov:iswanl'lp n?)Orji/Nekede Groundwater
> Sewage diSposing  N'ae nys vicinity  Divide =

area

Figure 2. Groundwater flow model by MODFLOW model code, show direction of groundwater flow south of Imo River
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Figure 3. Faith and transport of contaminants obtained by MODPATH model code show ( a) Particle capture zone (b)

Particle tracking wells (ABC) south of Imo River basin.

showed three different groundwater potential
namely 'good', 'moderate’ and 'poor".

zZones

MATERIALS AND METHODS

A total of 110 vertical electrical soundings (VES) data at two per
county area, 50 geo-electrical down hole litho-logs, and 44 pumping
test data were integrated in this study. VES and well-log data were
provided by GEOPROBE Int'| Consultants Ltd Owerri, being data
collected between 2000 and 2008. Status of the wells, yield and
other important information were obtained from Imo State Water
Development Agency (IWADA), Anambra-Imo River Basin and
Rural Development Authority, Abia State Water Corporation,
UNICEF, and some private individuals. The 110 VES were
conducted using Allied Omega resistivity meter and Abem
Terrameter (SAS 1000). The well log data was collected with Kerk
Borehole Resistivity meter, Abem Terrameter and Scintrex
instruments. These down hole loggers were used to measure

apparent resistivity and the natural self-potential (SP). VES is the
determination of vertical variation of resistivity through earth
material, and is very reliable for groundwater exploration
particularly in moderate terrain with less subsurface complexity as
in the Imo River basin. VES field technique was based on the
Schlumberger array conducted under good weather conditions.
Readers may consult Telford, et al. (1990), Dobrin and Savit
(1988), Reynolds (1997), USDOT (2004), and Kearey et al. (2002).
These scholars have discussed the applications of electrical
resistivity method in groundwater exploration and mapping in favour
of vertical electric sounding (VES) by Schlumberger array.

Applicable GIS layers

A total of 44 reference wells, one in each county area were
investigated. Location coordinate of each of the reference wells
were measured with a geographic positioning system (GPS). The
selected wells are those found within or near each county
headquarter. Measured coordinates in degrees, minutes and
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Figure 4. Soil and water vulnerability map of the study area produced by Ibe et al. (2007)

seconds (DMS) were converted to digital degree (DD) in excel sheet by
the formula: (degrees) + (min/60) + (s/3600) = digital degrees.

The resultant decimal degrees as shown in Table 1 were applied
to ArcMap version 9.3, so each reference well could display its ID,
and other attributes. The following GIS layer maps were made:
County areas, Mean Resistivity, Mean Thickness, Water table, and
Groundwater Prospect. The resultant groundwater prospect area
map was compared and correlated with existing geologic map of
the basin, to establish three groundwater prospect zones in the
basin.

RESULTS AND DISCUSSION

Data analysis presented in Table 1 is described as the
project data sheet. Water table (WT) and well depth (WD)
are based on acceptable average values across each
county. The stated lithology is for the prospective aquifer
thickness (T) and average aquifer resistivity also refer to
the prospective aquifer to the well depth (WD). The
prospective well depth is found as the economic depth of
standard water well for each county. Coordinates are
shown in digital degree, as converted from degree,
minutes and seconds and followed by the expected yield.
The 44 county area map of the Imo River basin (Figure
5) was obtained by merging Imo and Abia States local
government maps over a digitized coordinate grid with
geometric correction produced as GIS map 1. Average

aquifer resistivity based on the 110 VES with at least two in
each county as shown in Table 1 was contoured to produce
the GIS resistivity map (Figure 6). The map indicates areas
where the prospective aquifers have equal to similar
resistivity, which is expected to relate to hydraulic
conductivity of the aquifer. Previous studies by Ekwe et al.
(2006), Ungemach et al. (1969) and Kelly (1977) have
shown that electrical soundings can be used to estimate
aquifer transmissivity and hydraulic conductivity, and that
both possess empirical relationship.

Average aquifer thickness derived from the 110 VES
and the 50 well-log data constituted the thickness map
(Figure 7). The average thickness values were used to
construct an isopach contour of the basin, and the
corresponding GIS thematic map was made. The map
indicates areas where the prospective aquifers have
equal to similar thickness, which relates to the expected
depth of standard water well in the affected area of the
basin. Thematic maps (Figures 6, 7, 8 and 9) are only
preliminary guiding tools to water well development
stakeholders. They do not in any way eliminate the
mandatory site specific groundwater pre-drilling and
down-hole geophysical studies for water well
development in the basin.

Average of water table depths obtained in each of the
reference wells were considered as average depth to water.
The average values were used to construct a water
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Table 1. Project data analysis.

ID County WT WD T Res Lithology X y Yield
21 Aboh Mbaise 200 350 150 1870 Sandstone 5.451111 7.233333 M-H
14 Ahiazu Mbaise 220 350 130 2020 Sandstone 5.751111 7.384166 M-H
20 Ezinihite 200 360 160 1960 Sandstone 5.466389 7.325111 M-H
7 Ihite Uboma 300 400 100 2200 Sandstone 5511111 7.166666 M-H
8 Ehime Mbano 240 350 110 2280 Shaly-Sst 5.483056 7.551111 M-H
18 Ideato North 260 400 140 2210 Shaly-Sst 5.773611 7.158055 L-M
10 Ideato South 300 450 150 3270 Shaly-Sst 5.883333 7.133333 L-M
16 Ikeduru 240 350 110 2900 Sandstone 5.566667 7.100001 M-H
15 Isiala Mbano 280 400 120 2150 Sandstone 5.218889 6.917777 L-M
2 Isu 240 360 120 1620 Shaly-sand 5.796389 7.038888 M
17 Mbaitoli 200 340 140 2780 Sandstone 5.583333 7.050001 M-H
13 Njaba 290 400 110 2390 Sandstone 5.703333 6.770555 M-H
36 Ngor-Okpala 130 300 170 1308 Sst/G bed 5.800833 7.058333 P

3 Nkwerre 210 350 140 2640 Sandstone 5.750001 7.116666 L-M
5 Nwangele 300 380 80 1420 Shale top 5.797222 7.038888 L-M
19 Obowo 240 360 120 1790 Fractured 5.100001 7.092501 M-H
33 Oguta 80 240 160 1330 Sandstone 5.711667 6.809444 P
35 Ohaji’lEgbema 120 370 150 1210 Sand/G bed 5.800833 7.916666 P
27 Okigwe 260 400 140 2090 Sand/G bed 5.483056 7.550001 L-M
9 Onuimo 230 350 120 3010 Shale/Sst 5.816667 7.200001 L-M
4 Oru East 280 380 100 1872 Sandstone 5.796389 7.038888 M

6 Oru West 260 380 120 3060 Mixed sand 5.711667 6.809444 M-H
11 Orlu 280 420 140 2940 Sand/G bed 5.783333 7.033333 M-H
12 Orsu 300 450 150 2090 Sandstone 5.816667 6.933333 M-H
1 Owerri Urban 100 280 180 980 Mixed sand 5.485001 7.035001 P
22 Owerri North 160 300 140 911 Sand/G bed 5.801389 7.051388 P
34 Owerri West 90 280 190 850 Sand 5.504167 7.021666 P
38 Aba North 120 360 240 1242 Sand 5.333333 7.316666 P
40 Aba South 100 300 200 1109 Sand 5.100001 7.350001 P
32 Arochukwu 240 320 80 3020 Shaly-Sst 5.416667 7.500001 L-D
30 Bende 230 320 90 3500 Shaly-sand 5.566667 7.633333 M
26 Ikwuano 200 320 120 3280 Sandstone 5.433333 7.566666 M
25 Isiala Ngwa N 130 300 170 1210 Sand 5.116667 7.366666 P
37 Isiala Ngwa S 100 300 200 1287 Sand 5.185278 7.601944 P
29 Isiukwuato 250 360 110 2100 Sandstone 5.533333 7.483333 L-M
39 Obi Ngwa 120 320 200 1250 Sand 5.149722 7.330277 P
31 Ohafia 180 280 100 3050 Sandy-Shale 5.616667 7.833333 L-D
41 Osisioma Ngwa 130 340 210 1150 Sand 5.416667 7.500001 HH
42 Ugwunabo 100 300 200 962 Sand 5.185278 7.601944 P
44 Ukwa East 120 320 200 850 Sand 5.116667 7.366666 P
43 Ukwa West 100 320 220 840 Sand 5.104722 7.142501 P
23 Umuahia North 300 400 100 3280 Sandy-shale 5.533333 7.483333 L-M
24 Umuahia South 180 300 120 1720 Sand 5.508056 7.481666 M-H
28 Umu Nneochi 250 400 150 2270 Sandstone 5.104722 7.142501 L-M

*WT = Average water table, WD = Recommended well depth, Res = Mean resistivity value. P = Prolific), M-H = Medium to high yield, L-M =
Low to medium vyield, L-D = Low yield to dry well. G bed = Gravel bed, Sst = Sandstone and T = Thickness of prospective horizon.

table contour from which a GIS thematic map layer overlaid, with different symbols assigned to the identified
showing six water table depth classifications in the basin features in each layer. The resultant composite coverage
area was produced (Figure 8). All the GIS layers were was classified into five groundwater prospect zones (Figure 9).
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Figure 9. Groundwater prospect Model in the Imo River basin.

This output map is correlated with the groundwater data
collected in the field, and represents the groundwater
prospect map of the basin. This map integrates the
analytical results of pumping test data and well status
information in five groundwater areas. Area 1 is

characterized by prolific yield; = 25 m3h. Area 2 is
medium to high yield (M-H), with medium yield being = 11
m3/h, and area 3 is the medium yield areas. Area 4 is low
to medium (L-M), with low yield as = 10 m3/h, whereas
Area 5 is the area characterized by very poor to zero
yield. This area accounts for a good number of dry or
abortive wells. Ganapuram et al. (2008) used a similar
classification to assess the groundwater potentials of the
Musi basin, and qualitatively they classified the basin into
very good, good, moderate, poor and nil based on hydro-
geomorphologic conditions.

Area 2 (Medium-high yield) included parts of 6, 7, 8, 15,
and 19, Area 3 (Medium yield) include the northern parts
of 3, 5, 6, 7, 8, 15, 19, 23 and 24, while Area 4 (Low-
medium vyield) included the southern parts of 3, 5, 7, 8
and 15 county areas. This recommendation is a general
guide, which does not eliminate site specific variations as
may be applicable. Again, they do not in any way
eliminate the mandatory site specific groundwater pre-
drilling and down-hole geophysical studies for water well
development in the basin.

Groundwater prospect increases from the north to the
south of the basin following the characteristic decrease in
shaliness from the north to the coastal plain sand of the

Benin Formation in the south. However, the proliferation
of shallow private/commercial substandard water wells
and the number of abortive, abandoned, and non-
functional wells threatens sustainability of groundwater in
the basin.

Information on standard water well development of all
the 44 local governments shown in the GIS map contain
attribute data and ID as contained in Table 1. Attribute
data for each local government water well can be
assessed by clicking on the particular local government
area. A GIS map of this nature is very necessary. It will
solve the problem of water well statistics, and remain an
essential tool of government for decision making in water
resource management. It will serve as a government
working tool in the award of contracts for public water
wells, and in post construction maintenance of the wells.

Justifying the GIS groundwater prospect model

The existing regional geology map of the basin (Figure
1c) is used to justify the GIS groundwater prospect model
of this study. There is significant correlation between the
regional geology and the groundwater prospect model as
illustrated in Figure 10. Three groundwater prospect
zones have been defined out of the five groundwater
Areas classified earlier, based on the correlation. This
correlation could be used to adjust or review boundary of
geologic units in future studies. Overlapping boundaries
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Figure 10. Correlation of Regional geology with the groundwater prospect model.

in the correlation can be described as transition areas.
Zone 1, characterized by prolific yield consists of sand
belonging to the Benin Formation. Zone two of medium to
prolific yield is sandy with mixed shale, and the shaliness
increasing to the north. Zone three consists
predominantly of shale with minor sand units. This zone
is characterized by poor to medium yield. This correlation
has further confirmed that groundwater prospect is
controlled by subsurface geology. It implies that spatial
geophysics and geologic data integrated to GIS can
provide comparable information about geology and
hydrogeology of a region.

Other problems of groundwater development and
supply in the basin

The lack of public water supply notwithstanding, private
wells cannot replace public wells in communities. Less
than three percent “privileged citizens” supposed to
facilitate the maintenance of public water wells have their
private shallow wells. They are therefore unconcerned
with presence or functionality of public wells in their
communities. As a result, most public wells are
neglected; non functional, contributing to the inefficiency
of public water supply, and low impact of government
efforts towards public water supply in the area.
A summary of other major factors militating against

sustainable groundwater development in the basin is as
follows:

1) Poor environmental quality causing groundwater
pollution.

2) Improper or partial distribution of public wells due to
lack of easily retrievable information on existing wells in
the region, and favouritisms. Often a community may
have two or more public wells whereas the next
community does not have one.

3) Poor maintenance and often sabotage in the
development and operational processes of public wells.
Fund budgeted for water well development and
maintenance may be diverted, resulting to the use of
inferior materials and no proper supervision during the
well construction.

4) Several non functional and abortive wells are not
properly closed or sealed from interference; some
become waste disposal pits. Such wells are transport
pathways of contaminants to groundwater.

RECOMMENDATIONS
Water well partnership

Surface water development is thus recommended in the
difficult, low to zero yield areas of zones 4 and 5, against



the prevailing groundwater development. We are
recommending two types of water well partnerships as
innovative strategy to improve water supply, improve
water quality, reduce incidents of well failure, and uphold
a sustainable groundwater development system in the
Imo River basin. First is the government-private
partnership: In this case, government wells could be
privatized even at immediately after completion to citizens
under a mutual agreement. The partner citizens will be
responsible to the day to day operation, distribution and
management of the wells to the benefits of the host
communities. Second is a private-private partnership:
Here two or more individuals and organizations that have
plans to develop their private wells could combine their
resources. By so doing, rather than the proliferation of
shallow substandard private/commercial wells, the
partners now could develop standard water wells to serve
their respective households and neighbourhood.
Government may provide incentives to support water well
partnerships.

Conclusion

Groundwater prospect GIS model of a river basin is a
vital tool to sustainable development of groundwater
resource. Comparing groundwater prospect GIS model
with the basin’s geology map provides better judgement
on how to manage and conserve groundwater in a basin.
Result of this study has confirmed that surface water
development is most appropriate in the difficult, low to
zero yield areas of zones 4 and 5, as, against
groundwater development.

ACKNOWLEDGEMENTS

The authors are grateful to GEOPROBE Int’l Consultants
Ltd, Imo State Water Development Agency (IWADA),
Anambra-Imo River basin and Rural Development
Authority, Abia State Water Corporation, and UNICEF
Owerri for all the well data used. We thank Montclair
State University New Jersey, U.S.A. for assistantship,
and staff of GEOPROBE for field supports.

REFERENCES

Comely HH (1987). Cyanosis in infants caused by nitrates in well water.
J. Am. Med. Assoc. 257:2788-2792.

Dobrin MB, Savit CH (1988). Introduction to geophysical prospecting,
4th edn. McGraw-Hills, New York

Ekwe AC, Onu NN, Onuoha KM (2006). Estimation of aquifer hydraulic
characteristics from electrical sounding data: The case of middle Imo
River basin aquifers, south-eastern Nigeria. J. Spatial Hydrol. 6:2.

Ekweozor CM, George IU (1990). First discovery of oil shale in the
Benue Trough, Nigeria. Sci. Direct 69(4):502-508.

Ganapuram S, Vijaya Kumar GT, Murali Krishna IV, Ercan K, Ciineyd
Demirel M (2008). Mapping of groundwater potential zones in the
Musi basin using remote sensing data and GIS Advances in
Engineering Software Elsevier- Science Direct. 40(7):506-518.

Egwavon 379

Gezahegn LB (2012). Delineation of groundwater potential zones of
Upper Tumet catchment, Western Ethiopia using remote sensing and
GIS. LAP Lambert Academic Publishing (2012-06-15), p. 92.

Ibe KM, Nwankwor GI, Onyekuru SO (2007). Assessment of Ground
Water Vulnerability and its Application to the Development of
Protection Strategy for the Water Supply Aquifer Owerri, South-
eastern Nigeria. J. Environ. Monit. Assess. 67:323-360.

Jasrotia AS, Singh R (2005). Groundwater pollution vulnerability using
the drastic model in a gis environment, Evak-rui watersheds. India J.
Environ. Hydrol. 13:11.

Khalek AA, Ahmed O (2008). Integration of Remote Sensing,
Geophysics and Gis to Evaluate Groundwater Potentiality — A Case
Study In Sohag Region, Egypt. The 3rd International Conference on
Water Resources and Arid Environments, 1st Arab Water Forum.

Kumar PGN, Srinivas P, Jaya CK, Sujatha P (2010). Delineation of
groundwater potential zones using Remote sensing and GIS
techniques: A case study of Kurmapalli Vagu Basin in Andhra
Pradesh. India Int. J. Water Res. Environ. Eng. 2(3):70-78. Academic
Journals.

Kamaleshwar P, Ravindran K, Prabakaran B (2000). Groundwater
Prospect Zoning Using Remote Sensing and Geographical
Information System: A Case Study in Dala-Renukoot Area. J. Indian
Soc. Rem. Sens. 28(4):249-263.

Kearey P, Brooks M, Hill | (2002). An Introduction to Geophysical
Exploration. Minshull Geol. Mag. 140:366.

Kelly WE (1977). Geo-electric sounding for estimating aquifer hydraulic
conductivity. Groundwater 15(6):420-425.

Mayilvagama MK, Mohana P, Naidu KB (2011). Delineating
groundwater potential zones in Thurinjapuram watershed using
geospatial techniques. Indian J. Sci. Technol. 4(11):1470-1476.

Nwachukwu MA, Feng H, Alinnor J (2010a). Assessment of heavy
metal pollution in soil and their implications within and around
mechanic villages. Int. J. Environ. Sci. Technol. 7(2):347-358.

Nwachukwu MA, Huan F, Maureen IA, Umunna FU (2010b). The
Causes and the Control of Selective Pollution of Shallow Wells by
Coliform Bacteria, Imo River Basin Nigeria. Water Qual. Expo. Health
2:75-84.

Nwachukwu MA, Huan F, Ophori D (2010c). Groundwater Flow Model
and Particle Track Analysis for Selecting Water Quality Monitoring
Well Sites, and Soil Sampling Profiles. J. Spatial Hydrol. 10:1.

Onyeagocha AC (1980). Petrography and depositional environment of
the Benin Formation Nigeria. J. Min. Geol. 17:147-11.

Omosuyi GO (2010). Geoelectric assessment of groundwater prospect
and vulnerability of overburden aquifers at Idanre, SW Nigeria.
Ozean J. Appl. Sci. 3:1.

Reyment RA (1965). Aspects of the Geology of Nigeria - University of
Ibadan Press.

Reynolds JM (1997). An Introduction to Applied and Environmental
Geophysics. John Wiley & Sons Inc.

Singh AK, Ravi PS (2004). Integration of Thematic Maps Through GIS
for Identification of Groundwater Potential zones. Proceeding of Map
India Conference 2004© GlSdevelopment.net.

Shahid S, Kumar NS (2008). GIS Integration of Remote Sensing and
Electrical Sounding Data for Hydrogeological Exploration. J. Spatial
Hydrol. 2:1.

Telford WM, Geldart LP, Sheriff RE (1990). Applied geophysics.
Cambridge University Press.

U.S. Department of Transport (U.S. DOT) (2004). Federal highway
administration: Application of geophysical methods to highway
related problems. Pub. No FHWA-IF-04-021 (2004).

Ungemach P, Mostaghimi F, Duprat A (1969). Essais de determination
du coefficient d-emmagasinement en nappe libre application a la
nappe alluvial du Rhin. Bull. Int. Assoc. Sci. Hydrol. XIV(3):169-190.






